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ABSTRACT 

p elastic scattering and w meson production near the w 

threshold have been investigated. 

Various properties of the w meson from its production 

threshold to a centre of mass momentum,p*, of 200 Mev/c were studied 

using a missing mass technique. 

The mass and width of the w were found to be independent 

of p*, having mean values of 783.0 ± 0.35 Mev/c2  and 9.9 ± 0.42 Mev/c2  

respectively. The angular distribution was found to be isotropic from 

threshold to the highest centre of mass momentum investigated. 

In the elastic channel the cross-sections were measured for 

pion momenta from 1000 to 1700 Mev/c, in the range COS 6* = -0.6 to 

COS 6* = +0.8 , using a system of drift chambers surrounding a liquid 

hydrogen target. No structure has been observed in the elastic diffe-

rential cross-section across the w threshold or anywhere else in the 

momentum range covered. 

It has been shown that the well-established N* resonance in 

the P11
(1780), state can explain both the rapid rise of the w production 

cross-section and its angular distribution. Therefore,it is very likely 

that the w meson is produced mainly through the P-wave decay of this P11  

resonance. 
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1. 	 INTRODUCTION 

(1-1) Aims Of The Experiments. 

This thesis describes two experiments concerned with different 

aspects of w production near threshold, carried out by the author as part 

of the Imperial College Counter group, working at the Rutherford Lab-

oratory. 

The first experiment was concerned with studies of the w meson 

in the reaction 7F+p w + n near its production threshold, in which the 

mass of the w was determined by missing mass techniques. The main aims 

were to measure the cross-section and angular distribution of the w n 

system very close to the production threshold. 

The second experiment was an investigation of the elastic scat-

tering reaction TT+p 417+p at very closely spaced momentum intervals th-

rough the w threshold. 

(1-2) Motivation. 

Consider w meson production in the reaction Ti- +p 4- w+n. Close to 

the threshold of w production, where p*, the final state momentum in the 

centre of mass system (CMS), is low, the angular momentum barrier stron-

ly inhibits all final state partial waves other than S-wave. If in addi-

tion the matrix element is only slowly dependent on the total energy V;, 

then one would expect that the w production cross-section would rise li-

nearly with p* i.e., (al-,  p;' or a/p* = constant), and also that the ang-

ular distribution of the final state would be isotropic. 

Previously the Imperial College counter group investigated vari-

ous properties of the w meson in the same reaction, this experiment will 
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be ref ered to as "m7" from the name of the beam line in which it was car-

ried out(I'
2). The behaviour of the cross-section as a function of p* up 

to 300Mev/c from this experiment is shown in Fig ( 1 - 1 ). 

In this experiment data were collected by two concentric rings 

of neutron counters at angles near 0°  in the laboratory frame. Each ring 

detected neutrons emitted at both forward and backward CMS angles which 

could be distinguished by differenttimes -of-flight. The differential 

cross-sectionwas therefore measured at two points near ffk =0°  and 

0=180°  , where 8* is the CMS production angle. 

If only S and P waves are present in the final state then the 

angular distribution can be expanded in terms of Legendre Polynomials 

as; 

da --- (o*) = A
O 
+ A

l
P
1
(COS 0) + A

22
(COS 8*) 	(1-1) dO 

The results of the fits to the data(from the n7 experiment) are 

shown in Fig(172) and indicates that the P1(COS 0*) term is consistent 

with zero. The data concerning the A2/Ao  ratio however is not sufficien-

ly accurate to establish that the P2
(COS 0*) term is also not signif i-

cant. 

The most striking feature of the data is the drop of nearly a 

factor 3 in the ratio a/p* between pk=120 and p*=20 Mev/c which is inco-

mpatible with the expected constant value. However, it is conceivable 

that the rise could be the manifistation of an N* resonance in the S-

channel. 

The production of the w in an S-wave implies that the initial 

;ID system is in an S
11 

or D 
13 
 state (f2I12J

). The total energy of the 

Fp system at the w threshold, in the reaction i'+ 	+n is 1722 Mev, 

and resonances in both the above waves near this mass have been reported. 
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These are the S11 
observed in elastic scattering data and D

13 
observed in 

the inelastic channels 7A and a N (a is a I=0, J=0 TM resonance)(3) • 

The S
11 

state is well-established, but there is little evidence 

of D
13 

in the elastic scattering data and the only clear evidence is from 

the inelastic channel (7 IT N). One phase shift solution, Berkeley Path 2, 

does show a rapid increase in the inelasticity of Si, near the w threshold. 

If we now allow a P
2(COS 6*) term to be present in the angular 

distribution but keep the prohibition on a p1(COS 0) term, as the datafrom 

the 77 experim ent requires, a possible N* resonance which could satisfy 

these requirement is the F15
(1688). However the F15 resonance would pro-

duce a large P2(COS co) term in the angular distribution(4)and the result 

from the 77 experiment can not rule this out. A further point is that 

within the framework of an SU(6) decay scheme for baryon decay, there 

is strong support in favour of the w n system coupling to F
15
(1688)(5). 

In order to investigate these possibilities further, the w meson 

production cross-section and angular distribution needed to be studied 

in an experiment that covered the whole CMS angular region over a range 

of p from threshold up to at least 200 Mev/c. 

In addition it was decided that a study of the differential ela-

stic scattering cross-section over a series of closely spaced momentum 

intervals through the w threshold might show threshold effects or a nar-

row N* resonance which could possibly throw light on our understanding 

of the w meson behaviour. 

(1-3) 	Theory. 

The w meson was first observed in the study of the proton-anti 

proton annihilations (Maglic et al, 1961), and ever since has been a 

subject of several experiments. Its main properties are well known. The 

world average values for the w mass and width are 782.6+0.3 Mev/c2 and 



10.0±0.3 Mev/c2 respectively(6). Its quantum numbers were found to be 

	

G(J p 	
r  

0 	-F 
I 	

n
=0 (1 )- and its main decay modes are r 	00%), 7 7 (1.3%) 

and -rio y(8.7% ) . 

The w meson is a member of the vector nonet in the quark model 

having a mixing angle 6=45°  with the (f) meson. 

Since the main concern of this work is the study of the behavi- 

our of the Cross-section for 	coproduction near its threshold, a 

brief review of the production Cross-section , the behaviour of the 

angular distribution of an inelastic channel and the effect of its 

opening on the elastic channel is presented. 

(1-3-1) 	Scattering Length Theory. 

The asymptotic wave function describing the relative motion of 

two particles in a given channel i, with orbital angular momentum f, 

and wave number k, is represented by; 

(r) = -1  
{ e

-i(k.r-E.7/2) 	i(k.r- e 7/2) 
1 

	

Qi 	 2i k. r 	
Sli 

1 

(1-2) 

This expression represents the ingoing and outgoing spherical 

waves in the same channel i,. However, with an ingoing wave in the ch-

annel i, there will be outgoing waves also in all the other different 

channels which are open. The outgoing wave in the f channel is written 

as; 

(i+f) (r) = 
Qi 

 

1 

 

i(k r- 7/2) f f Sfi  ,e  (1-3) 

   

2i Afki  r 

 

The Cross-section for the transition of a given initial chan-

nel i, to a final channel f, is obtained by the ratio of the flux of 

the outgoing wave in the channel f to the incident plane wave flux; 



L i 	

7T 
= ( 2 gi+1) 	2 	. - S 

fi Li 	k. 1 

(1-4) 
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The quantities Sfi  are in general complex numbers and_the el-

ements of nel matrix S(i,f=1,2,...n), n=number of channels open. 

We now consider a simple system (a+b), having only two possible 

reaction channels (say, a+b and c+d). In this case, using both the uni-

tarity and the symmetry of the S matrix, then S can be represented as; 

se= 

n e2i8(1), 

i 1/E1717e116E
(1) + 4(2)1 

\\\ 

i  I 1_71  ei{d((1) + de(2)) 

2160(2) 
n e  e 

(1-5) 

Where quantities Se(1), 6e(2) are phase shifts and ne  is the absorption 

parameter Substituation into Eq(1-4), yield; 

	

7 	 _21.(5,(1) 	2 
(1-6) cel = a 	= (2E+1) 	 

2 I g"  k. 1 

	

mnel= f(i+f) = (2e+1) 	 2 I1-n2 	. 	(1-7) 
k. 

A new matrix (T) is introduced such as to satisfy the condition; 

S 	= 	+ 2i)/7717c 	T 
fi fi 	f fi 

Where T is; 

T = k
-1/2 

S-1 	
-1/2 

2i • k  

In terms of-tha element T , 	Eq(1-4), and Eq(1-6), become; 



Ak22.+1 T - 
1 -iAk

22,+1 

a
el = 47r(22,+1) 

1 

k. 
T ell 

2 (1-8 ) 
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• 
k 	

. ainel = 
 47r(  22,1-1) k

f 	T
. 	mnel12 1 

(1-9) 

From a comparison of Eq(1-6), and Eq(1-8), one can write; 

216 

Tel 	n  e2i  - 1  - 	COT 1A 
SIN A = 	1A -i (1-10) 

Where n=e2y,  , and A=S+ii . 

In general 
k22+1 COT A can be expanded as a series in k as; 

k22.+1 
	1 1 2 
COT A = —A + —2 

r k + 	 

Where r is the effective range of the interaction
(22).  

In the zero range approximation (i.e., r=0), in the one-channel 

case, one can define a scattering length A by; 

k22+1 	1 
COT A =  A 

Then Eq(1-10) becomes; 

Where A is a real number and a function of energy. 

A generalization of Eq(1-11), for the multi-channel case has 

been made by Dalitz and Taun(7), and Ross and Shaw
(8). 

They define a K matrix by a matrix equation similar to the 

relation between T and A in Eq(1-11). i.e.; 

T 	.K 	 1-10K 
(1-12) 

(k 0 
Where Q is the momentum matrix and is given by; 

1 
0 k 	

, and 
2 

 

the K matrix, for the two channel system which incorporates the 
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requirements of unitarity and time reversal invariance, is represented by: 

K = 

ak2  
1 	a(k1k2 

\a(k
1
k2)e 	

yk2 2 
 

(1-13) 

Where a, a, y, are real numbers and kl, k2  are centre of mass momenta 

for the elastic and inelastic channels respectively. The energy depe-

ndence of the K matrix is the result of centrifugal barrier penetrat-

ion. 

Matrix elaments T11, T12,  T21, 
and  T22 representing the scatte-

ring amplitudes for channels; 

a + b.+ a + b 

ci-d±a+ b 

a +b-i-c+ b 

c +d-5-c+ d 

are given by; 

T A  
11 	1-ik A 1 

T = T 	
B  

12 21 1-ik2C 

T22 	1-ik
2
C 

 

(1-14) 

Where the quantities A, B, and C are; 

  

2P 	ia2(kk2
)22 

 k2 
A = ak 

l_i,21+1 k  1 

/ 2 
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5(k1 k
2 
)t 

B - . 2f+1 
1-lak1 

2e 	i2(k
1
k
2
)217 

kl 
C = yk2 

+ 	. 	l+1 
1-laki  

Therefore the Cross-sections for the elastic and inelastic channels are; 

ael 
= 4n(2Q+1)2 IA1 

 

2 
1 + k1IAI + 2k1 

Im(A) 
(1-15) 

a. 	= 4n 	(2Q+1) 	 (1-16) 
mnel 	k

2 

1 	
2 12 

IBI
2 

1 + k2 IC I + 2k2 
Im(C) 

Rewriting 	C = k2
2   (a+ib), where the quantities a, and b are; 

aek442  
a = y 	1 	b = 

22+1 
)
2 	 2e+1 )2 1 + (ak1 	

1 + (ak1 

Then - 	Eq(1-16), becomes; 

4 	gbk 2  
2e+i 

a. 	_ 	• mnel 2/1+1 2 
k2 
1 (1+bk2 

2E+1)2 
+ (ak2 	) 

(1-18) 

Where a is the real part and b is the imaginary part of the complex 

scattering length for the inelastic channel, and g is a positive num-

ber less than one which measures the coupling for the transition from 

the initial state to final state. 

It is seen from 	Eq(1-18), that a and b are only functions of 

k
l' 

the initial state centre of mass momentum and as k1  , varies by 

(3.21<3.2E+1 
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only 2% over the range of momentum covered by this experiment,they can be 

taken as constants. 

(1-3-2) 	Resonance Model. 

An alternative approach to the direct production described by 

the scattering length theory, is the "Resonance Model". 

The interaction between two particles, at energy E=ER  may be 

n 
said to be "resonant" with quantum numbers t,J

P 
 ,I, if the total Cross-

section contribution from that partial wave has a maximum at that energy. 

It is seen from Eq(1-10), that the Cross-section is propor-

tional to SIN2 A , this implies at resonance AE  = n/2 + nn . 

The expansion of COT A in a Taylor series around the resonance 

energy is given; 

COT A (E) = COT A (Ell ) + (E-ER) --d—E  COT A (E) + 

 

} E=ER 

 

At resonance energy COT A(ER) = 0, and by defining; 

d 
7-, = - a- COT A (E) }  E=E  R 

One has; 

Tel 
 

r /2 
(1-19 ) 

(E-ER ) - i T/2 

Thus the elastic Cross-section is; 

TT 
	

(2P+1) . r 2  
a 
el 2 	2 

k2 	(E-ER) + r (1-20) 
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So far the spins of the particles have not been considered. In 

the case of Tr p scattering, for a given e, there are two total angular 

momenta J = 2 ± 1/2, and correspondingly there are two outgoing waves amp-

litudes n+ e2id,. Eq(1-19) is summed over two states of each e, and the 

factor (2e1-1) is replaced by (2J+1)/2 and Eq(1-20), is modified as; 

 a = 0+1/2) 	r2  
el k2 (E-ER)

2 
+ r/4 

(1-21) 

the 
This isinon-relativistic Briet-Wigner equation for a resonating partial 

wave amplitude and r is the full width at half height (f.w.h.h.) at the 

resonance. 

Let us consider the general case where there are severals cha- 

nnels into which a resonance can decay; the total width rTot)  ( 	of a reso- 

nance can be written as the sum of the elastic(rel
), and 	 r inelastic( --inel) 

width. 

r 	 = Tel + Tinel Tot el r nel 

We define the following parameters; 

x1  . = rel/rTot 

xf = r.mnel /r Tot 

The generalisation of Eq(1-21), is obtained as follows; 

The probability of formation of a resonance in the elastic cha- 

nnel will be proportional to xi; the probability that the resonance will 

decay into an elastic or an inelastic channels is proportional to xi, and 

xf, respectively. Therefore the elastic, inelastic and total Cross-section 

1 willbeproportionaltoxi,xixf,andx.respectively; 

2 x. 
a 	= 47 (J+1/2) 	

1  
el k

2 
C (ER-E).2/r }2+ 1 



x. x f 47 
a. 
mel 

k
2 

(J+1/2) 	2 { (ER-E).2/r} + 1 

a Tot  (J+1/2) 
k
2 

(ER-E).2/ r}
2 
+ 1 

47 

v( 7 p 	w n ) 1 
k
2 

(E-ER)
2  + 

7 	
+ r

o + rwn)
2 

2/37 
	

(J+1/2) r7p rwn (1-22) 
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The Cross-section behaviour of w production in irp collisions is therefore 

given by; 

Where k is the centre of mass momentum for the elastic channel and r 

r , and r
o 
are the partial widths to the elastic,w-n, and all the other 

channels, respectively. 

The energy dependence of the width is usually expressed using 

the non-relativistic potential theory expression; 

(gr 12e+l 
r (E) yDe(qr) 
	

(1-23) 

where e is the orbital angular momentum of the decay, y is the reduced 

partial width, q is the centre of mass momentum, r is an effective inter-

action radius and De(gr) is a barrier factox
(22)

. 

The values of D corresponding to /=0,1,2 are 

D0  = 1 

D
1 

= 1 + (qr)
2 

D
2 
= 9 + 3(gr)3 + (qr)

9 

Eq(1-13) represents the K matrix in the zero range approximation 

It has been suggested that the effect of the radius of the interaction 

can be introduced in the K matrix by replacing the quantities k1
, and k

2 
2 by k

1
/(1fk1 r2)1/2 

 

r is the radius of 

2 2 
, and k2/(1+k r)

1/2  , respectively in Eq(1-13), where 

the interaction(9) . Thus k
1 
 and 'I<:2 

in Eq(1-18) have 

teen replaced by these new values. 
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(1-3-3) 	Threshold Effect. 

One-of the interesting effects resulting from the general proper- 

ties of the S-Matrix, is the behaviour of the reaction Cross-section at an 

energy corresponding to the threshold of a new channel. Such an effect, 

manifested as discontinuties in the curves of the Cross-section versus 

energy, was first discussed by Wigner, Adair, Baz, and Akun
(10-13) 

For the moment we consider a simple system (a+b), having only 

two possible reaction channels (say, a+b, and c+d) . The scattering mat-

rix as given by Eq(1-5), described both the elastic scattering procces; 

a +b-o-a+ b 	(l-24a) 

c +d-)-c + d 	(1-24b) 

As well as the inelastic reactions; 

a +b-)-c + d 	(1-24c) 

c +d-4-a+ b 	(1-24d) 

We aim to investigate the effect of the opening of reaction 

(1-24c), on the Cross-section for the elastic channel Eq(1-24a) . Near 

the threshold, the dominent term in the amplitude for reaction Eq(1-24c) 

assuming an S-wave production, can be written; 

1-n2  = 2aq 

Where a is a constant and q is the centre of mass momentum for the 

inelastic channel. 

Let k be the centre of mass momentum of the initial state, then 

the elastic and inelastic Cross-sections are; 

cel 
(E>E

t) = 	= (1-aq) e2i6(1) - 1 12= 	(1-aq) SIN
2 

6(1) 
2i 	k2  

a 	= 27raq  
inel k

2 
(1-25) 
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In terms of the centre of mass energy E, and the threshold energy Et, the 

values k and q are given by; 

k
2 

= 2paE 

2 
q = 2pb(E-Et) 

Where p's are appropriate reduced masses. 

(1-26) 

As the energy is approached from above (q + 0),  crinel.-+ 0, and 
dael 11.  4- a

el 
÷ a 4 o = — SIN

2 
do
(1), but the derivative dE 

 - -co, indicating that 
k2 

there is a discontinuity in the elastic Cross-section at E=Et  . It is 

also necessary to consider the behaviour of del  as E E from below. Of 

course for E<Et 
we require n=1 but in the immediate vicinity of the thr-

eshold, the effects of the inelastic channel are still present; these may 

be derived by noting that q becomes imaginary for E<Et  in Eq(1-26). 

q 	iq  = i(211b )1/2 

''t-E)  1/2 

and the phase shift for (S-wave) scattering of reaction Eq(1-24b) also 

becomes imaginary; 

d(2) 	id(2) 

s(1) 	a(1) 

Substitution into Eq(1-25) yield; 

47T 
a el 

 (E<E
t
) = — SIN

2  d(1)- aqe
2nq 

SIN 8(1) COS d(1) 
k
2 

(1-27) 

Eq(1-27) joins in to Eq(1-25) at E=Et, but not smoothly; rather approach- 

ing the threshold from below, 	co for d(1) lying in the first or 

third quadrant. These two possible forms of the scattering Cross-section 

anomaly are shown in Fig(1-3a,h). 

So far we have considered the situation where only two channels 
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are allowed. In the more general case, where the reaction of interest is 

coupled to more than one channel (as, is the case in coproduction bv, 717p.inter-

actions ), the threshold anomaly can have other shapes, in addition to 

those shown in Fig(1-3a,b). 

Below the threshold of a new inelastic channel, assuming no de-

pendence on spin, the differential cross-section is given by; 

dfd
°  

dor
. _ 

 12  Et I S Pt (cos e*) I 2 = I F(e*)1
2 =

11f(e*)  e
id

1 
2 

4k 
(1-28) 

Where the subscript E, symbolizes all the quantum numbers characterizing a 

given combination of initial and final channels and 6 is phase shift. 

Near the threshold for a new channel, (say a+b -4- e+f), the only 

amplitude whose alteration we need to consider is that corresponding to the 

set of channels L which leads to an S-wave production of the products (e+f) 

for this amplitude one can write; 

S
L 

= So
L 

- aq e
ia 

Accordingly, near the threshold Eq(1-28), becomes; 

da 
dS/ 

= I f(0) e
i6 

aq eia PL(0) 	2  

2ik 

or 

da dao 
dO d2 	

0 f() P
L 
 (8k) SIN (a-6) 	for E>Et 

and 

da _ dot - 2:1  
dQ dC/ 	

f(8*) P
L 
(0 ) COS a-6) 	for E<E

t 

The threshold anomalies have the form of (a or b) of Fig(1-3), if 

0 < (a-6) < r/2 or 7/2 < (a-6)<r respectively. For (a-6) in the third 

and fourth quadrants, the shapes are shown in Fig(1-3c,d). 
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(1-3-4) 	Angular Distribution. 

In this section the qualitative behaviour of the w angular distri-

bution is discussed. At an energy just above the threshold, the angular 

momentum barrier inhibits all final state partial waves other than S-wave. 

Eq(1-18), shows that the contribution to the Cross-section from each e
th 

partial wave behaves almost as a/p* = (0)2e  e.g., constant for S-wave 

production. 

The rapid rise in a/p* Fig(1-1), suggests that P-wave is important. 

However, some S-wave is definitely required as a/ph behaviour is inconsis-

tent with parobolic rise from zero. 

The scattering amplitudes are labelled by L L' (2J)(2s'), where 

L and L' are the orbital angular momenta for initial and final states, s' 

is the spin of the final state and J is the total angular momentum. The 

values of L at the threshold energy of the w production for 7p system 

could be L=0,1,2,3 and let the L' at energy around the threshold, has 

values L'=0,1 as the angular momentum barrier requires. The conservation 

rules of the total angular momentum and parity allow only the following 

7 amplitudes; 

(SS11),(DS33),(PP11),(PP31),(PP33),(PP13),(FP53) 

In the appendix (I) we present table of coefficients of the diff-

erential Cross-section calculated for the reaction 0 + 1/2+  ÷ 1 + 1/2+. 

Then the angular distribution for the reaction 7111 w n can be expanded 

as; 

da = [ (SS11)(SS11) + 2(DS33)(DS33) + (PP11)(PP11) + (PP13)(PP13) an 

+ 2(PP31)(PP31)
* 
 + 2(PP33)(PP33)

* 
 + 3(FP53)(FP53)

* 
 113o  (COS O') 

+ Re C 2(SS11)(PP11)
* 
 + 4(SS11)(PP31)

* 
 - 2.828(DS33)(PP13)

* 
 

* 
+ 1.789(DS33)(PP33) + 6.573(DS33)(FP53) } P1  (COS 0*) + 
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Re ( 4(PP11)(PP31) - 1.265(PP13)(PP33) - 1.6(PP33)(PP33) 

+ 2.939(PP33)(FP53) - 4.648(PP13)(FP53) + 2(PP31)(PP31) 

+ 2.4(FP53)(FP53)
* 
 } P2  (COS 8*) 

(1-29) 

The above expansion suggests that, of the possible final S and P-wave 

combinations of the final state, the following amplitudes; 

(SS11) + (PP13) 
or 

(PP11) + (DS33) 

lead to an isotropic angular distribution, whilst the combinations; 

(SS11) + (PP13) + (PP33) + (FP53) 

or 	 (DS33) + (PP31) + (PP11) 

produce no P
1 
(COS e*) term in the angular distribution although they produce 

P2 (COS O') term. Thus, there is a possibility that , there could be a substa-

ntial P-wave amplitude even if the angular distribution is isotropic, as the 

w particle is a vector meson. 
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Possible cusp anomalies exibited by elastic scattering at 

the threshold of an inelastic channel. 

Fig ( 1- 3 ) 
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2. 	KINEMATICS AND GENERAL CONSIDERATION 

Cosider the reaction 1 + 2 -* 3 + 4 

The following notations_aredefined for different quantities; 

P = momentum 

E = total energy 

M = rest mass 

T = kinetic energy 

a = velocity 

y = Lorentz factor = ( 1-52  )-1/2  

s = total centre of mass energy squared in two-particle 

collision 

= polar angle with Z-axis 

SZ = solid angle 

c = velocity of light, c=1 

2k= 4-vector of momentum-energy 

Subscripts refer to particle indices, starred quantities refer 

to the values these quantities have in the centre of mass system(CMS), 

and unmarked, to the value they have in the laboratory system(LS). 

(2-1-1) Production Of The w Meson. 

The reaction studied was; 

+ p 	+ n 
	( 2 -1 ) 

1 2 3 4 

The invariant mass of particle 3, using energy and momentum con-

servation, is given by; 

M2 = M2 + M2
2 	4 

+ M2 + 2(E
1
M
2 
- E

l
E
4 

- M
2
E
4 

+ P1P4  COS 8
4)(2-2) 

3 	1  



3 _ 1 
ae 	. (-pip4  SIN 04) 
4 	3 

aM 
(2-6) 

Where particle 1 is the beam particle, particle 2 is assumed to be ini-

tially at rest and the measured variables are pl, 014 , and T. The latter 

is defined by T
n

T4-To where T4 
 is the time of flight (t.o.f.) of the 

neutron over a fixed distance d, and To  is the reference t.o.f. of par-

ticles with rO=1. 

1 T d — ) 	(2-3) 
n  L. 

The uncertainty in the determination of M3 
can be derived from 

equation(2-2); 

3 , 1 = — .{ p4  COS 04  - 0.1(E4  - M2)} 	(2-4) 
aPi M 

M3 = 3 
= 	• f pl  COS 64  - k(E1  + M2)} 	(2-5) 

aP4 
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Thus 

DM 

Using p4  = y4  M4  04  and Eq(2-3) one can show; 

DM
3 am

3 
 apo 
	

4 412 • 
= 	• 

	

- 1,71 
3 

1 	
{ Pi COS 0 - a (E -m  ) DTn aP4 3Tn  

-P4-4 
2 	(2-7) 

I
n 

M
4 

Let Apl, A64  and AT
n 
be the uncertainties in the measurement of 

pl, 04  and Tn 
respectively. The mass resolution of the experiment AM3, 

to first order would be; 

314
3 	

DM
3 	am3 	1/2 

AM
3 

= { ( 	• AP )
2 

+ 	• A84)
2 
+ ( 	. ATn)

2 
} 	(2-8) 

41 	
1 	36

4 	aTn 

Eq(2-8) assumes that Api, A04, andATn  are uncorrelated. 
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(2-1-2) 	Missing Mass Spectra. 

For each event the time taken by the recoil neutron to travel 

from the liquid hydrogen target to a neutron counter was measured. The 

momentum of the neutron 	was was then calculated and hence the missing 

mass calculated as p1, and e ll  are known. 

The kinematics corresponding to two arbitrary neutron angles 

are shown in Fig(2-1) which illustrates lines of constant missing mass 

on a plot of p1, the beam momentum, versus Tn, the neutron time of flight 

over a distance of 615 cm. The lines of constant p4 are also shown. 

The time of flight behaviour of the neutron as a function of 

beam momentum is also plotted for the co mass at various laboratory angles 

and is shown in Fig(2-2a), and the relation between neutron laboratory 

angle 	and and centre of mass system angles 8*, for various momenta of 

the final state in the centre of mass system, p*, is also plotted in 

Fig(2-2b). 

For a fixed incident pion momentum p , the number of events/ 
7 

incident beam particle into a solid angle po and momentum interval Ap4, 

will be given by; 

d
2
a R = N

H 
f
An 

f
Ap dS2 dp4 

 do dp4 

Where NH, is the number of target particles/unit area. If J , 

is the Jacobian for the transformation of the variables(COS (34,p4) to 

(t,M3
) which are Lorantz invariants, we have; 

N 	d
2
a  

R = 
21TH f f  dt dM 

Jp  do dp4 (2-9) 

Where J = 2 p M2 p
2 / M3  E4  

and 	

2 4 3 4 

and t (four momentum transfer squared) is given by; 

(2-10) 



dt dM3 	(M - M )2  + kr/2)
2  

3 	0 	
d(COS 0*) 

d
2
a = 	r/2 d 	a 

. 2 K* p* 
(2-15) 
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t = ( 7.2 -7.4 )
2 
= ( M4  - M2 )

2 
- 2 T4  M2 	(2-11) 

For a narrow resonance such as the w meson, it is reasonable to 

assume that as p* and 0* are varied the cross-section behaviour"of each 

mass interval within the resonance is the same. In terms of t, this imp-

lies that one can factorize the M3 
and t dependence of the double-diffe-

rential cross-section in Eq(2-9) as; 

d2 a 	r/2 	da (2-12) 
dt dM3 	(M3 -M

0 
)2  + (r/2)

2  dt 

Where Mo and 
rare the central mass and width of the resonance 

respectively. 

The four-momentum transfer squared t, in the CMS is given by ; 

t = M
2 	

4 
+ M

2 	
2 - 2 E* E4  * + 2p2  

* p4  * COS 04  * 	
(2-13) 

2  

Since pt = 1:): and pg = 4 , we define; 

K* = k'  1 
	 and 	P* = p3 = 

hence at fixed pi, we have;.  

dt = 2 k* p d(COS elto 	(2-14) 

Using Eq(2-12) and Eq(2-14), we have; 

The general expression for the number of detected events can be 

obtained by combining Eq(2-9) and Eq(2-15). 
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2w I I I an dp
1 
dp . 	

r/2 

(M
0
-M3)

2 
+ (r/2)

2 

J 	
d a  

. 2 K* p* . n(P 	. E(p*) 	(2-16) - 
P 	a (cos 0) ' 	1)  

E(pec) is the neutron counter efficiency and the factor n(p
1
) represents 

the momentum distribution of the incident beam particle over a range of 

momentum bins. 

The value K* varies very slowly over the available range of p* 

so that if we hold costant the final state parameters, p*, and COS 13* , 

and scan through M3, by scanning p1, we will be able to trace out the 

shape of the resonance independent of any assumptions about cross-section 

behaviour. Then,by integrating over p
1 

and therefore M3, the values of 

the differential cross-section and the angular distribution of the w 

meson can also be deterMined. 

2-2 	Trp Elastic Scattering. 

In the reaction 

717- + p -4- 	p 

1 	2 	3 	L. 

there is the same initial state as in the reaction involving w production. 

The two scattered charged particles in the final state were de-

tected by a system of drift chambers as explained in more detail in cha-

pter 3. 

Consider an event in the final state having scattering angles 

e and 0 for the pion and proton in the laboratory frame. Fig(2-3) 

shows the behaviour of the eTr 
and Ap  for a fixed incident pion momentum 

pir, of 1.1 Gev/c in laboratory frame. Curve A is the variation 

N 
N = 
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of 8 with 87 
and curve B is the reverse. The dashed lines represent 

approximately the effect of the experimental angular resolution. 

On detection of an event by the drift chambers, a distinction 
• 

between the 7 and p was made using kinematic constraints on the final 

state scattering angles. Fig(2-3) shows that 7 and p can not be distin-

guished at scattering angles 6 = 6p 
 = 45°  in the laboratory system. 

In this ambiguity region, more information in addition to the 

measurement of scattering angles is required. The problem can be resol-

ved by using information from the pulse height in the two thin scintill-

ation counters placed at each side of the target immediately behind the 

drift chambers. 

Having determined the two scattering angles 67 
 and 6

P 
 and the 

incident pion momentum p1  in the laboratory system, the pion and proton 

momenta are uniquely defined. 

The total energy squared s, is; 

s = M1 + M2
2  + 2 El M2 

where 

E = (M2 + p
2)1/2 

1 1 	1 

The final state momentum p*, in the CMS can be given as; 

2 
pet, 

s - (M3  + M4)
2}{ 	- (M3  - M4)2.1 

4s 

2-17) 

and the CMS angles of each final state particles are; 

8* = COS-1  
7 

ic 

	

2 
ac 
 ± {.+ 132 - (y2 	COT2  63) (,2 R2 - Rog

.2n0T2 83)}1/2  
c c 	'c 	'c 'c 	"  

R3
,  

( 7'c  + COT263) 3 

+ for e3 4 90
o 	

(2-18 ) 
- for e3 > 90

o 



Similarly the CMS scattering angle .0, is given by; 

12 
Sc

_{y2 a2 - ( 2 

	

or-  + COT26 )(y2 	- 	2 	2 )11/2 

e* = cos
-1 ,o 	4 	c 	4  

+ COT204) 

(2-19) 

Where; 

Bc 
PI  

E1 + M2 

Yc 

E + M 1 	2 

p.  
e: = 

E* 
3 

134 = 
E* 4 

Assuming that the errors in the measurements of e and e are 
11 

uncorrolated, then the best value for CMS scattering angle e*, can be 

written as; 

Where; 

ae* 
{0(—➢AO-  + 0*(aegee '2  ) 

'IT 36 r p ae.rr 

{ (12A0 )2+ (LIAA.Tr
)21 

aep P 	ae7  - 

 

(2-20) 

 

	

36p 	1 + COT2 4  
( 38 ) 

	

P 	Cos 6*
p 
 (a

c 
 + a*

4 
 cos e*) 

   

(2-21) 

    

 

Y 

     

      

13* SIN2 0* 4 	4 

and 

( ae 

ae 	
) = 	

1 + COT
2
03  

Tr 	
cos 0(3

c 	3 
+ 13* COS 0) 
 ff 

	
(2-22) 

26 

Yc 
121 SIN2  

+ 1} 
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The relationship between Pnand rn  at different laboratory angles for various 

values of missing mass M
3 and centre of mass system momentum P . 

Fig ( 2 - 1 ) 
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The relationship between beam momentum PIT , and neutron time 

of flight T .  at various laboratory angles o
n , for to mass . 

The relationship between neutron angle in laboratory systeme , * n  

and in centre of mass system 6 , for various values of P . 

Fig ( 2 - 2 ) 
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3 	APPARATUS AND TECHNIQUE 

(3-1) Beam And Momentum Spectrometer. 

A pion beam was generated at an external target, in an extracted 

proton beam from Nimrod, and ultimately focussed on a liquid hydrogen 

target by the elements shown in Fig(3-1). Negative particles were brought 

to a first focus Fl, by magnets M801, M901, M213, and quadrupoles Q509, 

Q603, and Q422.An intermediate horizontal focussing quadrupole Q418, and 

vertical focussing quadrupole Q417, together with the bending magnet M118 

focussed the image of Fl, on to a plane at G, where the required momentum 

bite was defined by a collimator. Electrons in the beam were rejected by 

a threshold gas Cerenkov counter C, the beam was then refocussed through 

a vertical focussing quadrupole Q113, and horizontal focussing Q402, to-

gether with bending magnets M201, and M202, on to a plane at H, which was 

conjugate to the G plane with unit magnification. 

Five multi wire proportional chambers Fig(3-2),G,H (1 mm wire 

spacing) J,K and L (2 mm wire spacing) were used for the accurate momen-

tum and angle determination of a beam particle. 

The H, and K, wire chambers determined the horizontal geometry 

of a beam particle and the two J, and L, wire chambers measured the ver-

tical positions. The G, and H, chambers measured the momentum of a beam 

particle crossing these two conjugate planes. The overall momentum dis-

persion at H, was 40.5 mm/1% momentum variation. 

In addition to the wire chambers, two sets of thin scintillation 

counter hodoscopes in the G, and H, planes were used. The G, hodoscope 

consisted of eight fingers of scintillation counters each of width 7.5 

mm and the H, hodoscope had six fingers of width 7.5 mm. The function 

of the G, and H, hodoscopes was to give the total number of incident 
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beam pions E pon., and also to rescue those events in which their momenta 

could not be determined because 	several wires had fired in the ch- 

ambers. A check on the consistency of the wire chambers and hodoscope 

information was also made. 

The liquid hydrogen target was immediately downstream of the 

L-wire chamber. 

The beam profile at the target had a f.w.h.h. of 2.5 cm in 

both the horizontal and vertical directions. The beam divergence had 

af.w.h.h. of about 15 mrads horizontally and 5 mrads vertically. 

The spectrometer magnets were investigated individually using 

search coils and appropriate shims added to give a uniform magnetic 

field. The dipole fields were monitored by means of NMR probes, and 

the quadrupole fields by current in the windings. During the data 

taking the currents and NMR frequencies were monitored via a televi-

sion screen. Their values were quite stable and only occasional adj-

ustments to them were necessary. The currents were cycled to remove 

hysteresis effects when they were set to new currents. 

The magnet supplies were stable to better than 1 part in 10
3 

and for the spectrometer magnets much better than 1 part in 10
4. The 

spectrometer was calibrated using the floating wire techniaue
(14) 

(3-2) 	Liquid Hydrogen Target. 

Liquid hydrogen was contained in a cylindrical flask, 60 mm 

in diameter and 200 mm in length, with its axis parallel to the beam 

direction. The effective density of the boiling hydrogen was held at 

0.07 gm/cc by means of a constant pressure device. An outer casing of 

aluminum enclosed the target and enabled it to be thermally insulated 

by a Vacuum. The beam passed through two melinex window in the outer 



casing with 0.12 mm thickness. The target system is shown in Fig(3-3) 

The momentum loss of a Tr-  in liquid hydrogen at 1.1 Gev/c is 

about 0.0289 Mev/mm. In the missing mass experiment the incident pion 

momenta were corrected for energy loss assuming they interacted at the 

mid-point of the target, and in the elastic scattering experiment the 

correction was made using the calculated interaction point. 

(3-3) 	Interaction. 

(3-3-1) 	Neutron Detection. 

The apparatus was designed to detect a recoil neutron produced 

in association with an wmeson near the threshold. 

Recoil particles were detected and identified by means of the 

60 neutron counters N1-60 , 
the 12 charged particle counters A1-12 ' 

and the proton counter P. 

Neutron Counters. 

60 neutron counters were arranged as shown in Fig(3-4). Neut-

ron counters N1-45 
and 

 N46-60, 
 were positioned downstream from the 

target at distances 615 cm and 435 cm respectively. 

Each neutron counter was 32 cm long, 6.7 cm wide and 30 cm 

deep, Particles were detected when they interacted in the scintilla-

tors producing charged products which themselves caused the emission 

of scintillation light. Photons were collected at the back of the 

counters by a conical light guide, 30 cm long leading to RCA 8575 

photo-multiplier. During the experiment, the voltage supplies on the 

photo-multiplier tubes were held constant to ±1 volt. The gains of the 

tubes were equalised between the counters before data taking commen-

ced. On detection of a recoil particle, a pulse height measurement 

was also made. 

The detection efficiency for a neutron is energy dependent , 

Fig(3-5) shows the behaviour of the neutron detection efficiency as a 

33 
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function of neutron energy for the neutron counters used in the n7 

experiment, but for most of the energy range of the experiment the 

efficiency was between 24% and 26% 
(15).  Since the neutron counters 

used in this experiment were very similar to those of the r7 experiment, 

the value 25% was used in our analysis. 

A-Counters. 

In front of each group of 5 neutron counters were placed thin 

scintillation counters A1-12' 
to enable a neutron to be distinguished 

from a charged particle. 

Proton Counter. 

The proton counter was a circular thin scintillation counter of 

diameter 60 mm and thickness 2 mm situated 14 cm downstream of the centre 

of the liquid hydrogen target. 

Recoil particles from interactions in the hydrogen target passed 

through this counter, before being detected in the neutron counters. A 

cross-check on the charge of the recoil particle was applied on the data 

in the off-line analysis using the information from this counter. 

(3-3-2) Detection System For r-  p Elastic Scattering. 

A system of drift chambers surrounding the liquid hydrogen tar-

get was used to detect elastically scattered particles and an extrapola-

tion of their trajectories enabled a determination of the interaction 

point in the hydrogen target to be made and this enabled an accurate 

determination of the momentum of the beam pion. 

Fig(3-6) illustrates the drift chamber arrangement used in this 

experiment. A detailed description of the drift chamber has been given 

elsewhere
(16), and thus only a brief outline will be presented here. 

In a drift chamber the electrons liberated in the gas by ioni-

zing collisions drift under an electric field with constant velocity 
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towards the signal wire where they are detected Fig(3-7). 

fr—Trajectory of an 
ionizing particle 

Signal wire 	 'Secondary ionization 
electrons 

Fig ( 3 - 7 ) 

Knowing the drift velocity in the chamber, the measurement of the 

time that elapses between a particle's passage and the avalanche pulse 

appearing on the signal wire enables a determination of the position 

where the charged particle passed through the drift chamber. 

Drift chambers of 428 x 400 mm
2 sensitive area were constructed 

for the experiment and details are shown in Fig(3-8), andFig(3-9). The 

frame is made of Tufnol sheets of 12 mm thickness. The cathode plane was 

made from Polyseter sheets(5 mil) deposited with copper (0.5 mil) and 

etched into strips with a pitch of 5 mm. A chain of resistances of 1 mg 

linked the ends of each strip forming the graduated drift field of about 

500/cm along the length of the chamber. A -12.0 Kv voltage was applied 

on the cathode wires at the centre of the chamber and the gain of the 

chamber could be adjusted by a variable -3.0 Kv voltage applied to the 

cathode wires nearest to the signal wires, Fig(3-8). 

Cathode wires and signal wires were made of gold plated tungsten 

wires of diameters 100 pm and 20 pm respectively. 

In order to determine the position (X,Y) of a particle, two such 
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chambers were mounted together, each rotated through an angle of 5°  

with the vertical direction in opposite directions Fig(3-10).The dista- 

nces between chamber centers was 31 mm; such a two chamber set is named 

a "Module". Three modules at each side of the target were used to dete- 

rmine elastically scattered particle tracks. 

The accuracy of the measurement of the trajectory depends on the 

range of the primary electrons in addition to other factors e.g., electric 

field, gas mixture etc. The drift velocity varies with the composition of the 

gas mixture and its nature. The drift time of electrons to the signal 

wire is used to determine the position of the particles within the cha- 

mber. A gas mixture is therefore required which gives a constant drift 

velocity independent of the electric field along the length of chamber. 

The best gas mixture found to satisfy this requirement was a mixture of 

25% Methane and 75% Argon.W'ith thismixture a -12.0 Kv voltage was appl- 

ied at the cathode resulting in a drift velocity of 70 mm/psec. 

The time needed for an electron to drift from the cathode wires 

to the signal wire was about 3.2 psec, and if two particles passed through 

the chamber within this time there could be a confusion between the two 

if the second particle passed through the chamber closer to the signal 

wire than the first one. To overcome this problem an electronic circut was 

designed to reject events if they were within a 3.2 usec  time interval. 

The drift time measurement relied on recording a number of pul- 

ses from a 200 MHZ oscillator in a Camac scaler that was allowed to count 

during the drift time. A "Start" signal from thin scintillation counters 

the 
(D
1-4

) positioned immediately after chambers initiated the clock and a 

"Stop" signal from the drift chamber signal wire terminated it. The dri-

ft velocities were calculated for each side of a drift chamber from the 

distribution of those events which triggered the signal wires On both 
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sides. Fig(3-12) shows the distributions of such events for 24 signal 

wires in a typical run. 

The linearity between drift distance and drift time was tested 

by means of a well collimated beam and a finger scintillation counter. The 

linearity found to be very good and only a slight deviation of about 1 mm 

was found at distances less than 2.5 cm from the cathode plane for perpen-

dicular tracks. The linearity was also found to be very good for tracks at 

angles of 450  to the chamber plane. A small correction was made for angled 

tracks due to the finite thickness of the chamber. 

The stability of the drift speed depends on the stability of gas 

mixture,pressure,voltage,temperature,etc.The change of drift speed was fou-

nd to be less than 1% from run to run. 

The uncertainty in the measurement of the drift time was 5 nsec 

which corresponds to an uncertainty of about 0.37 mm in the determination 

of the position. 

(3-4) 	Electronics and Logic. 

A simplified diagram of the tunnel diode electronics and logic 

is shown in Fig(3-11). 

The trigger logic system can be grouped as follows; 

(i) 	Beam Trigger; A beam particle was assigned to one of the four 

momentum channels by grouping a number of selected G, and H , combinations 

in each coincidence circut. An "or" of the four momentum channel coinci-

dences was designed to give the total number of the beam pions refered to 

as Ep . 

The logic accepted beam particles when one finger only of the G 

hodoscope, and one finger only of the H hodoscope were in coincidence, 

otherwise they were rejected. Electrons in the beam were vetoed by a thre-

shold gas Cerenkov counter. Two thin B2, and B3, scintillation counters 
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were positioned immediately upstream of the G, and H, hodoscopes, and a 

scintillation counter B4' 
with a circular hole of 7 cm diameter, was 

placed immediately upstream of the liquid hydrogen target. It was used 

to reduce the number of non- hydrogen events by demanding no pulse from 

this counter. A circut called the "Interference remover" was designed 

to veto events if there were two signals fromeither B2,B3  or B4, within 

40 nsec. Thus a beam trigger was defined as; 

TB = B2
.1G•IH.B 3 	4 

(ii) Interaction Trigger; Non-interacting beam particles were eli- 

minated from the final trigger if there was 	a pulse from either 

of two circular scintillation counters V1(130 mm in diameter), and 

V2(320 mm in diameter) situated downstream of the liquid hydrogen 

target at distances 2m and 6m respectively. So an interaction was defined as; 

T
I 

= T
B
.( V1 

+ V
2 
) 

A good event could be vetoed by a noise signal from V1, or 	The The 

rate at which this happened, called occupancy, was a function of the 

beam intensity and was monitored during data taking. In this experiment 

the rate was less than 2% so no correction for this was needed in the 

analysis. 

A small thin scintillation counter, the P counter, positioned imm-

ediately after the liquid hydrogen target, could be set in coincidence 

(for proton) or veto (for neutron) in the off-line analysis. 

(iii) Neutron Trigger; Pulses from the last dynodes of the neutron 

counters N1-60, 
 were delayed, and "or"ed together to form a single 

"neutron" pulse. 

Three timing gates were introduced in the logic as follows; 

The first gate was called "The fast peak gate" and was used to 
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collect events caused by particles having a.l, e.g., elastically scat-

tered beam particles. The distribution of events in this gate provided 

the accurate time zero reference (to). The fast peak gate was opened 

from (T0  - 3) to (t0 
 + 3) nsec and accepted a 1% random sample of such 

events by means of 1 MHZ oscillator to reduce the high rate of events 

in this gate. 

The second gate called "The accidental gate", could accept pulses in 

a time of flight region which was inaccessible to physical particles 

from the interaction. Its timing, relative to the fast peak, was from 

-15 nsec to -5 nsec. Its purpose was to investigate the rate of acc-

idental coincidences between neutron counter pulses and interaction 

triggers. 

The event gate was opened 3 nsec after fast peak and extended 

to 40 nsec, it accepted all recoil particles of interest. 

The three timing gates are shown diagramatically in Fig(3-13) 

Fast peak 

Accidental 	 Event 

I 	  
- 15 	- 5 0 3 	 35 Msec 

Timing gates . 

Fig ( 3-1 3 ) ' 

A pulse from a neutron counter that arrived during one of the 

three timing gates, together with an interaction trigger, formed an 

event trigger. For an event trigger two strobes, SI, and SN, were used 

to read the state of the all the neutron counters, A-counters, beam 

counters, hodoscope and wire chambers data into Camac scalers. 
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This information was then stored in the on-line computer. 

S
I 

was in time with the beam counter B3, and SN' 
with the neutron 

counters. 

The neutron counter pulse heights were also digitised and recorded, 

to enable a correction to be made in the off-line analysis as there was a 

dependence of the t.o.f. upon the pulse height. 

(iv) 	Elastic Trigger; The scintillation counters D1, and D2, covered 

those drift chambers which were on one side of the hydrogen target, and 

D3, and D4' 
covered the drift chambers on the other side. A pulse either 

from D
1
, or D

2 
which coincided with a pulse from either D3, or D4, 

was 

used to define a pair of charged particles which passed through the drift 

chambers simultaneously. A further combination of such a coincidence and 

interaction trigger formed the drift chamber trigger. 

Pulses from the D counters were timed with the gate from the drift 

chamber trigger and formed a coincidence, called the elastic trigger which 

was used to strobe all counters. The information from all the beam counters, 

hodoscope, wire chambers, the digitised drift time of the drift chambers and 

the digitised pulse heights from the D counters were read and then recorded 

using the on-line computer. 

In order to record the beam momentum distribution a beam trigger 

was collected after every fifth event and named "Beam sample event". 
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Arrangement of the wire chambers in the n8A beam line. 

Fig(3 -2) 
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Centro of IlquId 

Liquid Hydrogen Target. 

Fig ( 3 -.3 ) 
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Schematic arrangement of drift chambers. around the liquid hydrogen target ( not to scale ) . 

Fig ( 3 - 6 ) 
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Diagram of logic system ( first stage ) 

Fig ( 3 - 11 ) 
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4 	 PERFORMANCE 

(4-1) 	Missing Mass Experiment-Timing and Resolution. 

The quantities that were measured in the missing mass experiment 

were, incident pion momentum pr, neutron scattering angle en, and neutron 

time of flight In, with uncertainties of Apn, Aen, and Aril, respectively. 

(i) Apr.; As has been mentioned the momentum scale was determined 

by floating wire measurements. The uncertainty in the measurement of the beam 

pion momentum, relative to the central momentum of the run, results from the 

uncertainty in the position of the pion in the wire chambers and also the effect 

of the uncertainty, a, in the point of the interaction in the liquid hydrogen 

target. Taking the momentum spectrometer resolution to be 0.025% and the momen-

tum loss, through ionization in the hydrogen, to be 0.25% Mev/c/cm, we have; 

A P7  = 	(0.00025 p.m)
2 + (0.25 a)2  1 1/2 

	
(4-1) 

Where pn  , is the central momentum of the run and a, was taken 

as 10 cm (half the length of the target). 

(ii) ATn 
; For each event a t.o.f: corresponding to the time a 

neutron took to travel between the beam counter B3, and the neutron counters 

N1-60, was measured and digitised. Each pulse from the neutron counters passed 

through a zero crossing discriminator to minimise the dependence of the time 

of flight upon the pulse height of neutron counters. The time of flight scale 

was approximately Tnsec per digit. 

In the electronics, the reference time zero for each the different 

neutron counters were made equal to within ±0.1 nsec. 

Fast peak events were sampled throughout data taking and.the 

maximum of this distribution defined the time zero reference, To  . The 

intrinsic timing resolution of the electronics was 
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measured from the width of this distribution which was found to be about 

0.5 nsec arri was stable during data taking. 

(iii) 	AO: Knowing the position of the centre of the neutron counter 

for an event, the neutron scattering angle is given by; 

Z2 
COS A

n 
= ( 	(4-2) 

X
2 
+ Y

2 
+ Z

2 
,1/2 

Where X, Y, and Z, are the coordinates of the centre of the neutron 

counter with respect to the centre of hydrogen target. Then for the 

angular resolution one has; 

AOn 
= 1/d . { (COT 0

n 
. X . LX) + (COT An 	Y 	AY)

2 
+ 

(TAN 9n . Z . AZ)
2 11/2 
	

(4-3) 

Where AX,AY,AZ are the uncertainties in the measurement of X,Y, and Z. 

respectively and d, is the distance from the centre of neutron counter 

z2)1/2.  to the centre of the liquid hydrogen target,. and is 
(x2+ y2.1.  

From the above measured quantities the missing mass of the w 

meson M
3' 

the final state momentum in CMS,p*, and the CMS angle of the 

w meson 0*, were calculated. 
.0) 

The uncertainty in the determination of the w mass is given 

by Eq(2-8). Fig(4-1) shows the behaviour of the missing mass resolution 

as a function of the time of flight of the neutron for different inci-

dent momenta at different angles. The variation of Ap*, as a function of 

p* is shown in Fig(4-2). 
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(4-2) 	The Resolution Of The Elastic Scattering Experiment. 

The accuracy of the measurement of the scattered particle tracks 

depends on the accuracy of the determination of the drift velocity, in 

the drift chambers. The uncertainty in the determination of the posi-

tion resulting from the error in the drift velocity measurement was 

about 0.37 mm which resulted in a maximum of 2°  uncertainty in the 

measurement of the CMS scattering angle, O. 

The uncertainty in the incident pion momentum was improved by 

determining the point of the interaction in the liquid hydrogen tar-

get and this resolution was better than 0.3 Mev/c. 

(4-3) 	Data Collection. 

The experiment were performed in the ir8A beam line of the Ruth-

erford laboratory during 1974. 

In the missing mass experiment there were, on average, about 

150K beam triggers with approximately 40 events per burst and in the 

elastic scattering experiment, the beam triggers were about 80K per 

burst with about 90 events read in to the computer. 

Data was transfered into the DDP-516 computer after each burst. 

After a number of bursts, when 216 (or nearly 216) events had been 

recorded, the data in a set of blocks was written on to a 7-track mag-

netic tape. 

At the end of each burst the DDP-516 performed an on-line preli-

minary analysis of this set of blocks in order to investigate the be-

haviour of the experiment. 

A full tape held approximately 11000 blocks for the missing mass 

experiment and about 7600 blocks for the elastic scattering experiment. 

The data contained on a full tape is called a "Run", and a run 

contained approximately 200 million and 50 million beam triggers for the 
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first and second experiment respectively. 

Each run was characterised by its central momentum and covered a 

range of 4 momentum bins corresponding to the different G, and H, ho-

doscope combinations. 

The momentum spread for each run was about 1% of its central mom-

entum (f.w.h.h. of 11 Mev/c at 1.1 Gev/c, the threshold of w production). 

The data covered a range of momentum from 1.000 Gev/c to 1.256 Gev/c, 

where the central momenta of two consecutive runs were separated by 

0.7% (i.e.,=7 Mev/c). In the first experiment data was more concent-

rated aroundthe w threshold, while in the second an equal number of runs 

were taken at each central momenta over the above range of momentum. 

The distribution of the total number of incident pions that were accu-

mulated for both experiments are shown in Fig(4-3), and Fig(4-4). 

Before each run commenced, the currents in the spectrometer mag-

nets were set to the proper values corresponding to the central momentum 

of the run, determined by the floating wire measurements. The magnetic 

fields of 	M201, and M202 were accurately adjusted using a nuclear 

magnetic resonance (NMR) method. The stability of the fields was checked 

by monitoring the position of the signals from the NMR probes through-

out the data taking period. The stability of M201, and M202, was better 

than 1 part in 104. 

The currents in the quadrupoles Q113, and Q422, were set at the 

values which had been found by optimising the beam intensity at a se-

ries of momenta and then interpolating. The currents were always cycled 

towards the final values in order to remove a hysteresis effect. The 

current in the M213, was adjusted so as to make the beam particles sym-

etrically distributed about the beam axis. 

At the end of each run, the run summary was checked in the 
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on-line analysis for signs of malfunctionsof the wire chambers, drift 

chambers, or electronics. The run summary contained histograms of var-

ious distributions, such as the neutron t.o.f., pulse height spectra, 

distribution of the number wires firing in each chamber and values of 

beam scalers. 
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5 	 DATA ANALYSIS 

This chapter describes the off-line analysis of data for each of 

the two experiments. The description follows the chronological order 

in which the work was carried out. 

(5-1) 	Data Enriching. 

The raw data was written on 7-track tapes as a set of blocks. These 

were copied directly on to 9-track tapes each of which could contain 

the data from 4 7-track tapes. 

A block contained 18 events and a number of these were self-

contained i.e., they contained all the information for each event, beam 

sample events and various scalers which enabled a normalisation to the 

number of incoming beam particles to be made. 

In the missing mass experiment unwanted events were rejected such 

as those falling in to the following categories; 

(i) Proton events; 

(ii) Neutron events possessing a time of flight values out of 

the range of interest 	< 3 nsec or Tri  > 40 nsec; 

(iii) Beam sample events. 

All the remaining events were arranged in a set of new blocks and 

written on to a tape called "The enriched tape". The information which 

was required for normalisation such as, total number of beam triggers, 

the momentum distribution of the beam sample events, and the percentage 

of events which were rejected together with the fast peak position for 

each neutron counter, were written separately on to a disk to be used 

at the normalisation stage. 

In the elastic scattering experiment, beam sample events and 
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ambiguous events, such as those where more than one or two adjacent 

wires in the chamber* had triggered, were not copied on to the enriched 

tape. The information required for normalisation, as mentioned for the 

first experiment, together with the drift velocities of the drift cham-

bers needed for track reconstruction of the scattered events in the 

analysis stage, were calculated and recorded on to a separate disk. 

(5-2) 	The Method Of Analysis Used In The Missing Mass Experiment.  

(5-2-1) Time Of Flight Measurement. 

In the missing mass experiment the time of flight measurements 

in the 60 neutron counters were corrected to bring them into agreement. 

The required corrections were determined from data collected in a special 

run. For this run a 100 mm thickness lead was placed in the beam. Beam 

pions were scattered into the neutron counters, and were accepted by the 

fast timing gate. Correction were found and applied in the off-line 

analysis. 

As has been mentioned there was some time of flight dependence 

upon neutron counter pulse height. This was investigated by studying at 

a time of flight-pulse height scatter plot. A correction rule was found 

which was applied in the off-line analysis programme. 

The position of the fast peak, which defined time zero T
0, 

was 

measured for each neutron counter and for each individual run. Fig(5-1) 

shows for a single neutron counter the variation of the central position 

of the fast peak for each run as a function of the central momentum of 

the run. At each central momentum the positionsvere distributed within 

standard deviation of ±0.15 nsec. The width of the peak is a measurement 

of the experimental timing resolution and was about 0.5 nsec at full 

width half height. 
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A 50 MHZ crystal oscillator was used to calibrate the scale 

of the time of flight digitizer by a method descrined in Ref(17). This 

calibration was repeated several times during the experiment. The time 

of flight scale was found to be 0.256 nsec per digit. A very slight depar- 

ture from linearity was observed and a correction rule was found which 

was applied in the analysis. 

The following corrections, therefore, to the digitised raw 

time of flight for each event were applied; 

(i) A correction for individual neutron counter timing; 

(ii) A correction for time of flight pulse height dependence; 

(iii) A conversion of the digitised time of flight to a nsec 

scale, and a slight correction for a non-linearity in the 

the scale; 

(iv) A subtraction of the time of flight of the fast peak. 

(5-2-2) 	Neutron Selection. 

Neutron events were classified into two classes. The first class 

satisfying the following requirements; 

(i) A single neutron counter or two adjacent neutron counters 

having fired; 

(ii) No A-counter fired; 

(iii)No signal from the P-counter; 

(iv) One wire or two adjacent wires fired in each of the wire 

chambers. 

Events which failed on any of the above conditions were put 

in to the second class and called "Ambiguous events". 



63 

Ambiguous events contained 8% of the total events. The source of 

the ambiguous events could have been noise in the neutron counters, A-

counters, P-counters, a neutral particle produced from an interaction 

of one of the scattered particles with an air molecule as it travelled 

from the liquid hydrogen target to the neutron counters or noise in the 

wire chambers. 

(5-2-3) Missing Mass Spectra. 

In this experiment all the information is contained in missing mass 

spectra as has already been mentioned, and the resonance properties can 

be directly extracted by fitting a resonance signal plus a smoothly 

varying background. 

For each unambiguous event, the missing mass M3, the final state 

CMS momentum p*, and CMS angle of missing mass 0, were calculated and, 

together with the incident momentum De  all were binned and stored in a 

4-dimension array. Such an array for each run was written on to a data 

summary tape (D.S.T.). 

The number of events within a missing mass interval normalised to 

a certain number of incident beam pions for each beam momentum bin, when 

plotted as a function of missing mass, is called "The missing mass 

spectrum". 

Normalised missing mass spectra were obtained by combining runs 

on the D.S.T. in conjunction with information placed on the disk at the 

enriching stage such as the total number of beam triggers, beam sample 

momentum distribution, and efficiency factors. Fig(5-2) shows the missing 

mass spectra normalised to 100 million beam pions, for all events and for 

various p* and O intervals. 
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(5-2-4) Monte-Carlo Simulation.  

In order to extract various properties of the w meson production 

from the missing mass spectra, a computer simulation of the experiment was 

written which incorporated the behaviour of the neutron counters., 

Since the aims of the experiment were to study the Cross-section 

behaviour and the angular distribution of the w production at low 0, the 

following assumptions were made in the Monte-Carlo programme. 

(i) The Cross-section rises linearly with p*; 

(ii) The w meson is produced isotropically in the CMS; 

(iii) The w mass distribution was taken to be a simple non-

relativistic Briet-Wigner of the form; 

r2/4 (5-1) 
(M3.-  Mo)

2 	
r
2
/4 

Where r, f.w.h.h. and Mo' the central mass of the w meson were taken to be 

10 Mev/c, and 782 Mec/c2 respectively. 

(iv) The beam momentum was simulated in the programme by a tri-

angular distribution with f.w.h.h. of 11 Mev/c (15)  

The beam pion lost 1.8 Mev/c by ionization in the beam scintillation coun-

ters before entering the liquid hydrogen target. The energy loss in the 

hydrogen target was calculated for a random point of interaction along the 

length of the hydrogen target and was given a Landau fluctuation. 

The neutron counter efficiency was taken to be 25% independent 

of the time of flight of the neutron. 
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For each event generated having the above properties, the neutron 

laboratory angle was calculated and Dif it was incident upon a neutron 

counter,the t.o.f. was calculated. Neutrons were assumed to interact in a 

a random point inside the neutron counters and light from this point, 

travelling at a velocity of 0.67c, reached the back face. The neutron 

time of flight was defined with respect to the time of flight of beam 

pions to the neutron counters as this difference was measured accurately 

in the experiment. 

The time of flight error was given a gaussian distribution with a 

standard deviation of 0.6 nsec (experimental timing resolution). 

A Monte-Carlo D.S.T. from the computer simulation programme2in the 

same format as the data D.S.T.,was produced. By analysing this simul-

ated data in the same manner as the experimental data, the resonance 

properties could be extracted. 

Since neutrons and protons triggered the neutron counter by a diff-

erent mechanism a check was made on the tine zero position,To. This was 

done by studying the position of the w signal in the region where 

dM
3
/
D
T
n 

was most sensitive. 

The Monte-Carlo was run with different time zero shifts, AT()  (i.e., 

T
n 

= T
n 

+ AT
o
) and compared with the data, Fig(5-3) shows the variation 

of the peak position of the w  meson as function of the neutron time of 

flight shift for angular region -1<COS ex-0,8 . The dashed lines re-

present the experimental values. As a result of this comparision a value 

of AT
0 
 = 0.1 nsec were used in all subsequent Monte-Carlo runs. 
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(5-3) 	Analysis Of The Elastic Scattering Data.  

(3-3-1) Event Track Reconstruction.  

To analyse events from the enriched tapes, the drift velocity inf- 

ormation, which was written on 	a disk, was used to calculate the cc-o 

rdinates of the scattered pion and proton tracks for each event. A least 

squares fitting programme was used to obtain the bestfitted line for the 

three pairs of points forming each track. This fit was carried out in the XZ, 

and XY, planes independently. An extrapolation of the two fitted tracks 

in to the liquid hydrogen target determined the point of interaction in the 

target. 

A, distinction between 7 and p tracks was made by kinematic 

constraints' as mentioned in chapter (2-2) and the problem of distinction 

in the ambiguity region was resolved using the pulse height distribution 

in the D counters. Fig(5-4) shows the corresponding pulse height distribu-

tion. 

(5-3-2) 	Event Selection. 

In selecting elastically scattered events the following requ-

irements were imposed; 

(i) At least two modules on each side must be triggered by each 

event. 11% of the events failed by this test; 

(ii) For each event the r.m.s. deviation of the data from the 

two fitted tracks were calculated. Fig(5-5) shows this dis-

tribution for both sides for a typical run. 

The standard deviation for side 1 and side 2 are a1 = 2 mm 

and a2  = 1.5 mm respectively. Events with more than a 3 cm 

deviation were rejected. The fraction of events failed was 

12%. 
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(iii) The difference of the intersection of the horizontal pro-

jection of each track with the incident beam direction was 

calculated. Fig(5-6) illustrates this distribution which 

has a r.m.s. deviation of 5 mm. Applying a 3-cm cut, 13% 

of the events failed to satisfy this condition; 

(iv) The point of interaction in the liquid hydrogen target was 

taken as the average value of the two intersecting points 

of the horizontal projection of the each track with the 

incident beam direction, and the event was rejected if it 

lay outside the hydrogen target. 9% of the events were of 

this type, Fig(5-9) shows this distribution. 

(v) The angle between the projection of the two tracks in the 

XY plane was measured and distribution is shown in Fig(5-7), 

where the angular resolution was about 	Any Any event having 

an accoplanarity of more than 10
o was rejected, and this 

resulted in an 11% failure rate; 

(vi) The CMS scattering angle for each scattered particle, e*, 

and 8* , were independently calculated. Fig(5-8) shows the 

distribution of the difference of these angles, i.e., 

(8* - 0). The CMS angular resolution was about 2°. Events 

with a difference of more than 10°  were rejected and the 

rate of failure was again about 11%. 

Each event which satisfied the above tests was: classified as a good 

event and for each such event, the incident momentum plr, the average CMS 

scattering angle 8*, and the average point of interaction in the liquid 

hydrogen target were recorded in a 3-dimension array. Fpr each run such an 
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array was written on to a D.S.T. 

A Monte-Carlo simulation programme was written to calculate the 

acceptanceof the drift chambers for different regions of CMS angle. The 

acceptance that was found hardly changed with the momentum range Of this 

experiment, (from 1.020 Gev/c to 1.180 Gev/c). The acceptance calculated 

for p ir = 1.1 Gev/c was the one used throughout the range of momentum. 

The acceptance for a CMS angular region of 0.84 >COS e* > 0.74 

was about 17% declining to about 14% for the region -0.66 < COS 0*<-0.56. 

A D.S.T. was made combining the results of all runs. Using the 

information from each individual run such as, the total beam trigger, the 

beam sample event momentum distribution and various efficiency factors, 

which were stored on a disk, together with the acceptance factors, the 

normalised number of events in each momentum channels was calculated. 

The cross-section was then calculated from the following expression; 

da 	. NE . ACC 
(5-2) 

d 
	

2T.10
8 

. HTL . A(COS 0*) . HC 

Where; 

NE = Number of events normalised to 100 million incident pions, in 

the CMS angular range A(COS 0*) . 

ACC = The drift chambers acceptance factor. 

HTL = Hydrogen target length. 

HC = Hydrogen concentration = density of hydrogen/weight of one 

atom of hydrogen. 

Having a length of 200 mm liquid hydrogen target and 0.0703 gm/cc 

for density of the liquid hydrogen , we have; 

da 	. NE . ACC 

dO 	8.4 X 10
4 

. A(COSO*) .21.r 

mb/sr (5-3) 
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6 	 RESULTS 

(6-1) 	w Production Results.  

Data were collected for a range of incident momentum correspon-

ding to intervals of p* between p*= 20 Mev/c and p*=200 Mev/c, and gr-

ouped in 10 intervals of 20 Mev/c wide, which covered the whole CMS ang-

ular region. In each p* interval the data were subgrouped in 10 regions of 

COS Ey*, each having a width of 0.2. There were 100 missing mass spectra 

covering different intervals of p*, and cose*. 

The w mass and width were deduced by fitting a Monte-Carlo 

generated w distribution to the data for each 	missing mass spectrum. 

In this Monte-Carlo, described in detail in chapter (5-2-4), an initial 

assumption was made that the w cross-sectio rises linearly with p* and 

that there was an isotropic angular distribution in the CMS. 

(6-1-1) 	Mass Of The w.  

In each p* intervals the 10 missing mass spectra from the diff-

erent regions of COS ee,  were combined to increase the statistics. 

Each of these missing mass spectra was fitted with a third 

order Polynomial representing the background together with a Breit-Wigner 

resonance with two varying parameters M, and r, the mean mass and width 

of the w meson respectively. 

The method of fitting of data to the Monte-Carlo was as follows; 

Using a fixed value of r, the values of x2  corresponding to 

different values of M, were determined and the value of M, giving the 

least value of x2  was found. Fixing this value of M, the value of r, was 

varied until another minimum in x2  was found, and this procedure repeated 

until the change in the value of M, observed by any further iteration, 

was less than 0.1 Mev/c2. Fig(6-1) shows a typical fit. The variation of 



88 

the w mass as a function of p* is plotted in Fig(6-2). This suggests that 

the mass of the w meson is independent of p;' which is consistent with the 

result of the 77 experiment. The weighted mean of 11 points in Fig(6-2) 

is 783.0 ± 0.2 Mev/c2, and the x2  for the hypothesis of no p* dependence 

was 4.1 for 10 degrees of freedom. 

The systematic error comes from the uncertainty in the measurement 

of the absolute value of the central momentum . It was estimated to be 

± 0.03% which corresponded to ± 0.2 Mev/c2. By quadratically adding the 

systematic error to the statistical error the result for the w mass is; 

M
w 
= 783.0 ± 0.35 Mev/c2 

The above value of the w mass is in good agreement with the world 

average figure of 782.6 ± 0.3 Mev/c2, (see Fig(6-3)}. 

(6-1-2) 	Width Of The w.  

The w width was determined at various p* intervals. In each p* 

interval the best fitted value of r was found from the missing mass spectrum 

in the COS 6'1! region, where the missing mass resolution was small compared 

to the width of the w . A Breit-Wigner resonance together with a three term 

Polynomial representing the backgroundwas used. The variation of x2  as a 

function of r, was obtained with the w mass fixed at a value found from 

the previous stage. The variation of r as a function of p* is plotted in 

Fig(6-4) where the error bars represent only the statistical error. The 

weighted mean value of the width derived from all the data points is 

9.9 ± 0.35 Mev/c2 which has a x2  value of 13.7 for 9 degrees of freedom. 

Using a different order polynomial for the background, had no significant 

effect on this result. 

There is also an additional contribution to the error of the w 

width caused by uncertainty in the mass resolution. This systematic error 
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comes from the uncertainties in measurement of the absolute momentum, neut-

ron time of flight and neutron angle, A value of 0.24 Mev/c
2 for the syste-

matic error in rw 
was obtained, { detailed calculation of the systematic error 

in the r
w 
is given in Ref(17) }. Thus the final result for the width of w is; 

r
w 	

9.9 ± 0.42 Mev/c
2 

This result is in good agreement with the world average value of 

10.05 ± 0.33 Mev/c
2. Table(I) shows the variation of the w mass and width 

for this experiment. 

(6-1-3) 	The co Cross-section.  

The cross-section can in principle be found directly from the area 

under the w resonance signal in the missing mass spectra. The acceptance of 

the neutron counters, however, kdas found to be strongly dependent on the 

values of IDA, and COS eA, used. Because of this problem we deduced the cross-

section by the fitting the missing mass spectra with those generated by the 

Monte-Carlo programme. In the Monte-Carlo it was assumed that the cross-section 

rises linearly with p*, i.e., a=AD*, where a is the cross-section and A is a 

constant factor. A two term polynomial represented the background. 

The ratio of the experimental missing mass signal to the Monte-Carlo 

signal gave the value A, in the expression a=Ap*. 

The following systematic effects were taken into account and used 

to adjust the values of the cross-section; 

(I) 	Contamination of the beam by particles other than negative 

pions (mostly p mesons) ; +4 ± 196 ,{this figure is taken from 

the investigation regarding the beam contamination, carried 

out at the 70 beam Ref(17) I. 
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(II) Loss of neutrons interacting in the 10 cm long hydrogen 

target (i.e., half the length of the target) + 2 mm scinti-

llator (P counter) + 6.15 meters air : +2 ± 1% ; 

(III) Attenuation of the pion beam through interactions in the 

hydrogen target( calculated for half the length of the 

hydrogen target ) : +2 ± 1% ; 

(IV) Target empty correction; A hydrogen out run showed that some 

events attributed.to!-oproduction off free hydrogen were inter- 

actions 	

_ 

 with free protons in the melinex end caps of the hydrogen flask 

and also in the scintillation counters: -2 ± 1% ; 

The above effects lead to a correction factor of 1.06 ± 0.02. Thus 

the total systematic uncertainty in the cross-section was ±2%, which should 

be combined with the 5% error coming mainly from uncertainty in the absolute 

neutron counter efficiency and also 8% error coming from the uncertainty in 

the rejection of events from the "Ambiguous" type neutrons. 

By quadratically adding the above contributions, we obtain a total 

systematic uncertainty of 10%. The resulting cross-sections, divided by p*,. 

are shown as a function of p*. in Fig(6-5). Table(II) shows the values of A and 

a at different p* intervals. 

A comparison between the result of this experiment and the TO 

result Fig(1-2), shows a very good agreement.  

The total cross-section for w production is plotted in Fig(6-6). 

In addition to this experiment, there exist three sets of data(18,19),on 

w production and these are also shown in this plot. The agreement between 

our data points and those of the other experiments justifies the earlier 

assumption which was made regarding the efficiency of the neutron counters. 
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(6-1-4) Differential Cross-sections. 

da The differential cross-section 	, for each interval of p*, and 

Cos 6*, was deduced from the missing mass spectra in the same way as 

described in section (6-1-3). 

The Cross-sections for w production, corrected for systematic errors, for val- 

ues,ofp* between 20 Mev/c and 200 Mev/c, in intervals of 20 Mev/c and COS 6* 

intervals of 0.2 are listed in table (III) and shown in Fig. (6-7). 

To determine which angular momenta are present in production, the 

da 
measured differentiarross-sections TT- , were expanded in terms of 

Legendre polynomial series in the form; 

n 
da 	(6* ) = E 	C2,  p2,  (Cos 61) 
(10 	2= o 

(6-1) 

where 6*, is the CMS scattering angle. Values of the coefficients 

C , were obtained from a least squares fitting programme. The values 

of the coefficients C2  , obtained at each P4 interval are listed in Table(IV). 

Also.listed in this table are the x2 -values obtained-. The theoretical curves 

obtained fpom Eq(6-1) for the best fit are also plotted in Fig(6-7). 

Fig. (6-8) gives the behaviour of the coefficients C 
' 
as 

functions of P *. 	The values of the ratios of the Legendre polynomial 

coefficients 
C1/Co' and  C2/Co' from the fits to the angular distributions 

as functions of P , are shown in Fig. (6-9), and listed in table (V). 

(6-2) 	TrP Elastic Scattering Results  

In this section we present the preliminary results of measurements 

of the 11--P elastic scattering Cross-section. 
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Data were collected across the w production threshold covering 

a range in momentum from Fir = 1.010 Gev/c to Pn = 1.170 Gev/c, and in 

CMS angle from cos 8 *= —0.64 to cos e * = 0.86. 

The differential Cross-section in the above momentum and angular 

ranges were measured in momentum intervals of 0.37 Mev/c and cos 8*  

intervals of 0.1.0ur data were normalized to existing published data 

Ref (2), and a constant normalization factor of 1.3 was found. This 

rather large factor mainly comes from the inefficiency of the drift 

chamber system together with the rejection of elastic events in the 

several cuts imposed in the off-line analysis. The factor was found to 

be independent of PTr , and 8 *, and this is supported by a comparison 

between our angular distribution and that from Ref.(20) both at 

PT = 1.101 Gev/c is shown in Fig. (6-12) 	'where it is seen that the 

agreement between these two experiments is very good. 

(6-2-1) 	Differential Cross-Sections  

The measured differential Cross-sections for Tr P elastic scattering 

are listed in table (VI), where the errors quoted are statistical only. 

In Fig. (6-10), these differential Cross-sections for various CMS angular 

regions are plotted as a function of pion momentum. 

The behaviour of the cross-section in the first forward angular 

region i.e., 0.76 <COS 8* < 0.86 shows an oscillating structure of 

magnitude about 4% of the cross-section, repeating itself every 10 Mev/c 

over the range of the momemtum covered. Further investigation of the 

non-elastic events which were rejected by the various cuts imposed, showed 

a similar behaviour. Subsequently we realised that the calculated 

acceptance factor of the drift chambers used in this particular angular 

region was slightly inaccurate. 	A more accurate analysis of the data which 
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is in progress, but not completed yet, shows a smoother behaviour. 

However, the preliminary results are presented in this work and there is 

sufficient evidence to show that this structure is not a genuine one and is 

produced by the analysis programme. 

The angular distributions in 3.92 Mev/c intervals of P7 are 

presented in Fig. (6-11). 

Since.our data do not cover the full angular range in the CMS, and 

as the latter figure shows that the cross-section in the uncovered region 

varies smoothly, the data from Ref. (20), have been used in the following 

fit to the angular distribution of this experiment. 

The smooth curves represent the best fit to the data points by 

an expansion in a Legendre polynomial series Eq. (6-1). Up to 7th order 

were found to be sufficient to fit the data. 	The higher order 8th term 

did not improve the values of X:2 and no significant changes were observed 

in the values of the coefficients C2,  , obtained from the lower order fit. 

The values of the Legendre polynomial coefficients C as functions 

of pm, are given in table (Vii), and Shown in Fig. (6-13). 

The total elastic Cross-section was determined from the Legendre poly- 

nomial coefficients, fitted to the data points, using the relation; 

a 	(Tot) = 4.w. Co  
el 

and is shown in Fig. (6-14). 

The forward Cross-section may be extrapolated from the Legendre 

polynomial coefficients according to; 

n 
da 	( 6* = 0°) = E 

i= 0 

The values were determined and are shown in Fig(6-15). 
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Table I 

Variation of the mass and width of the 63 with p* . 

P * Mev/c Mw  Mev/c2 Ful Mev/c2 

0 - 	20 782.0 + 	1.2 9.5 + 	1.6 

20 - 	40 782.8 ± 	1.0 9.5 ± 	1.6 

40 - 	60 782.6 + 	1.0 9.0 ± 	1.3 

60 - 	80 782.6 + 	0.6 8.8 + 	1.3 

80 - 	100 783.4 + 	0.9 11.9 + 	2.0 

100 - 	120 783.8 ± 	0.9 12.0 + 	2.2 

120 - 	140 783.8 + 	0.8 9.3 + 	1.9 

140 - 	160 782.6 ± 	0.7 11.0 + 	1.2 

160 - 	180 783.6 + 	0.8 10.9 + 	1.3 

180 - 	200 783.2 + 	0.6 9.8 +1.1 

200 - 	220 783.2 ± 	0.6 9.8 + 	1.1 
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Table II 

Variation of 
	and a/P * form  production with P. 

P *  Mev/c 
a A=
P* 

mb o ub 
Gev/c 

20 

40 

60 

80 

100 

120 

140 

160 

180 

- 40 

- 	60 

- 	80 

- 	100 

- 	120 

- 	140 

- 	160 

- 	180 

- 	200 

3.53 

4.28 

5.35 

6.24 

7.49 

8.20 

8. 02 

7.80 

7.80 

± 	0.80 

± 	0.50 

± 	0.50 

+ 	0.61 

+ 	0.71 

+ 	0.70 

+ 	O. 70 

+ 	0.72 

+ 	O. 70 

106 

214 

374 

577 

824 

1066 

1203 

1326 

1482 

± 24 

± 25 

+ 35 

+ 55 — 

+ 78 _ 

+ 	92 _ 

+ 106 

+ 120 

+ 	133 
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Table III 

Differential cr o s s -s e ct ions . tor. cd production. 

cos e* 

d, ub/sr 

<60 

d a Pb/sr 

< p*4. 80 

d a ub/sr 

80<p* <100 

do 

-40 <P *  

d0 

60 

d0 

-1. 0 

-0.8 

-0.6 

-0.4 

-0.2 

0. 0 

0.2 

0.4 

0.6 

0.8 

-0.8 

-0.6 

-0.4 

-0, 2 

0.0 

0.2 

0.4 

0.6 

O. 8 

1. 0 

14.3 

15.9 

15.1 

13.1 

15.2 

12.4 

15.9 

17.9 

19.0 

19.9 

+ 	4.3 

+ 4,4 

+ 	4.0 _ 

± 4.8 

+ 	4.4 

+ 	4.5 

+ 	4. 0 

+ 	4. 0 

+ 	3.3 

+ 4. 0 

28.2 

31.7 

26.7 

29.5 

26.7 

18.4 

26.7 

30.0 

27.3 

26.7 

+ 	6. 7 

+ 	6. 7 

+ 	6.1 _ 

+ 	6.1 _ 

+ 	6.5 

+ 	6.9 

+ 	4.2 

+ 	6.1 

+ 4.4 

+ 	3.3 

44.7 

35.0 

41.4 

63.4 

38.6 

41.5 

53.0 

50.1 

45.8 

48.0 

+ 	6.5 

+ 	7.9 

+ 	10. 0 

+ 	12. 0 

+ 	9.4 

+ 	10.6 

+ 	9.4 _ 

+ 	7.1 _ 

+ 	7..1 

+ 	6.4 
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T able III ( continued ) 

Differential cross-sections for (4 production. 

COS 	el*  
da iibisr 

100 <P*<120 

do  ldb/sr 

* <140 

do  lIbisr 

P *  <160 
dC2 d Q 

120 (P 
do 
140■ 

-1.0 -0.8 63.0 + 7.9 103.5 + 11.5 95.5 + 	11.9 

-0.8 -0.6 64.4 + 	12.0 87.9 + 	14.5 121.7 + 27. o 

-0.6 -0.4 72.6 + 	11.0 110.5 4- 	23.8 133.7 + 	20.4 

-0.4 -0.2 64.7 + 	12.0 85.5 + 	21.1 128.9 ± 16.7 

-0.2 0.0 73.5 ± 	13.0 82.7 + 	20.1 105.0 + 	10.7 

0.0 0.2 68.3 + 	10,5 105.8 + 	13.5 78.8 + 	20.4 

0.2 0.4 64.7 12.0 87.8 + 	12.5 108.5 + 	19.1. 

0.4 0.6 61.3 + 	8.8 61.3 + 	.8.8 87.0 + 	10.8 

0.6 0.8 71.8 + 	9.0 71.8 + 	9.0 - 109.9 + 	13.1 

0.8 1.0 56.5 + 	6.2 86.9 ± 9.2 95.5 + 	8.4 
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Table 	III ( continued ) 

Differential cross-sections for w production. 

cos e*  
dcr 

ub/sr d cr u b/sr 

180<P*<200 
d s-2 

160< P *<180 
d 0 

-1.0 -0.8 108.2 +12.2 _ 110.5 + 	15. 0 _ 

-0.8 -.0.6 121.2 + 	10.8 111.9 + 	18.1 

-0.6 -0.4 136.0 + 	17.5 115.0 + 	18.3 

-0.4 -0.2 136. 0 + 	17.3 133.1 + 	19.6 

-O. 2 O. 0 129.8 + 	14.9 113.5 + 	19.6 

O. 0 0.2 128.9 + 	14.7 141.2 + 19.1 

0.2 0.4 99.3 + 	16.2 130.0 + 	16.3 

0.4 0.6 112.2 + 	12.2 119.1 + 	16. 7 

0.6 0. 8 117.8 + 	12.1 125.3 ± 	12.1 

O. 8 1. 0 102.8 + 	10.5 125.3 + 	10.5 
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TABLE IV 

Legendre polynomial coefficients. do/dn = Wit  (COS 0). 

p 	Mev/c CO  
 Cl C

2 X
2 

40 - 60 15.9±1.3 2.8±2.2 2.7+3.0 0.67 

60 - 80 27.3±1.8 -1.4+3.0 1.7+3.7 2.17 

80 - 100 45.6+2.7 3.82±3.9 -1.1+5.7 5.0 

100 - 120 65.8+3.2 -2.6±4.6 -7.1+6.3 1.9 

120 - 140 85.9±4.2 -14.6±6.3 6.0+8.8 9.7 

140 - 160 103.4±4.5 -6.2±6.9 -5.4+8.7 8.7 

160 - 180 118.9±4.3 -6.8±6.5 -15.4+9.3 3.6 

1 
180 - 200 1 	122.4±5.2 8.2±7.8 -8.3+10.9 1.5 
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TABLE V 

Ratios of the Legendre polynomial coefficients. 

p* Mev/c C
1
/C
0 

C
2
/C
0 

40 - 60 0.17±0.14 0.17±0.19 

60 - 80 -0.05±0.11 0.06±0.13 

80 - 100 0.08±0.08 -0.02±0.12 

100 - 120 -0.041-0.07 -0.10±0.09 

120 - 140 -0.17±0.08 0.07±0.10 

140 - 160 -0.06±0.7 -0.05±0.08 

160 - 180 -0.06±0.05 -0.13±0.08 

180 - 200 0.07±0.06 -0.07±0.09 

1 



Table VI 

CCIS e* 

1007.8 q‹ 
FIEV/C 

1011.8 1011.8 	(1)< 
MEV/C 

1015.7 . 	1015.7 	<PIK 
MEV/C 

1019.6 

dcr /ci s2 
nib/sr 

ERROR 	• 
mb/sr 

d a/dC2 
mb/sr 

ERROR • 
mb/sr 

d a/do 
mb/sr 

ERROR 
mb/sr 

+.86. +.76 5.558 0.056 5.499 0.047 5.410 0.047 
+.76 #.66 2.499 0.033 2.487 0.027 2.430 0.027 
+.66 +.56 1.107 0.021 1.121 0.018 1.034 0.013 
+.56 +.46 0.458 0.015 0.4-35 0.012. 0.42.3 0.012 
+.46 +.36 0.211 0.0:10 0.187 0.008 0.132 0.003 
+.36 +.26 0.204 0.010 0.195 . 0.008 0.172 0.003 
+.26 +.16 0.27.2 0.011  0.241 0.009 0.216 0.003 
+.16 +.06 0.307 0.012 0.302 0.010 0.234 0.009 
t.06 -0.04 0.329 0.012 0.315 0.010 0.326 0.013 

-0.04 -0.14 0.379 0.013 0.373 0.010 0.382 0.011 
-0.14 -0.24 0.479 0.014  0.465 0.012 0.437 0.012 
- 0..24 -0.34 0.721 	. 0.018 0.697 0.015 0.700 0.015 
-0..34 -0.44 1.005 . 0.021 0.977 0.017 0.954 0.017 
-0.44 -0.54 1.363 0.025 1.331 0.021  1.230 0.021 
-0.54 -0.64 1.441 0.027 1.467 0.023 1.401 0.023 

Tr-P differential cross-sections. 
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Table VI ( continued ) 

COS e* 

1019.6 .0,IF 1023.5 	. 
MEV/C. 

1023.5 	<P7F 
MEV/C 

1027.4 1027.4 <R,< 
MEV /C 

1031.4 

. da /d1 

'nip/sr 
r 

ERROR 

mb/sr 

d old 0 

mb/sr . 

ERROR 

mb/sr 
d a/dC/ 
tub/sr 

ERROR 

mb/sr 
+.06 . +.76 5.480 • 0.045. 5.439 0.047 5.371 0.044 ' 
+.76 +.66 2.464 0.026 2.490 0.029 2.541 0.026 
+.66 +.56 1.111 0.017 1.082 ' 0.019 1.100 0.017 
+.56 +.46 0.439 0.012 0".440 0.013  0.415 0.011 
+.46 	• +.36 0.148 . 0.007 0.144 . 0.007 0.135 0.005 
+.36 +.26  0.174 0.007 0.168 0.008 0.151 0.007 
+.26 +.16 0.227 0.008 0.214 0.009 0.214 0.003 
4-.16 +.06 0.283 0.009 0.276 0.010 0.278 0.007 
+.06 0.04 0.312 • 0.009 0.307 0.010 0.314 0.009 

-0.04 -0.14 0.370 • 0.010 	. 0.370 0.011 0 .3?1 0.010 
-0.14 -0.24 0.476 0.011 0.481 0.013 0.457 0.011 
-0 .24 -0.34 0.644 0.014 0.630 0.015 0.651 0.013 
-0.34 -0.44 0..917 0.016 0.933 0.018 0.938 0.016 
-0 .44 -0.54 1.301 0.020 1.231 0.021 1.220 0.019 
-0..54 -0.64 I 1.409 0.022 1.348 0.024 1.332 0.021 

1T-13  differential cross-sections. 
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Table VI ( continued ) 

cos e*  

1031.4 <PC Ir 	• 
MEV/C 

1035.3 1035.3 <PC . 	 TT  
fiEV/C 

1039.2 1039.2 	(P< 	104-3.1 
MEV IT/C 

• d u/d0 
mb/sr 

ERROR 
mb/sr 

d6ids2 
mb/sr 

ERROR. 
mb/sr 

cl a Alr2 	. 
mb/sr 

ERROR 
mb/sr 

+.86 4-.76 5.260 0.048 5.370 0.345 	. 5.25? 0.047 
+.76 +.66 2.445 • 0.028 2.435 0.026 2.442 0.023 
4-.66 	. +.56 1.080 0.0119 1.047 0.017 1.053 0.013 
+.56 +.46  0.390 0.012 0.398 0.011 0.351 0.011. 
+.46 +.36 0.1.28 0.007 0.137 0.007 0.123 0.007 
+.36 +.26 • 0.158 0.008 0.135 0.007 0.135 0.007 
i-.26. +.16 , 0.206 0.008 9.196 0.000 04,197 0.003 
+.16 +.06 0.255 0.009 0.283 0.009 0.250 0.00? 
1-.06 0.04 0.291 0.0. 10 0.284 0.009 0.3)7 0.01) 

-0..04 -0 .14 0.347 0.011 0.346 . 0.010 0.329 0.013 
-0 .14 -0.24 0.441 0.012 0.408 0.011 0.425 0.012 
-0:.24 -0:34 0.604 0.014 . 0.579  0.013 . 	0.549 0.013 
-0.34 -0.44 0.856 0.017 0.841 0.016 0.835 0.017 
-0..44 -0.54 . 1.174 0.020  1.164 0.019 1.133 0.020 
-0 .54 -0.64 1.334 0.023  1.276 0.021 1.231 0.022 

1 
a 

'P differential cross-sections. 
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Table VI ( continued ) 

COS e*  

• 

1043.1. 	<PIC 
IIEV/C 

1047.0 1047.0 	<P,‘ 	1051.0 
t.I.EV/C 

1051.0 	<IX 
MEV/C 

1054.9 

do/ds/ 

mb/sr 

ERROR 

mb/sr 
dald 0 

 mb/sr 
ERROR 
mb/sr 

d cf/dS2 
mb/sr 

ERROR 
mb/sr 

+.86 +.76 5.092 0.044 .4.963 0.046 5.045 0.053 
+.76 +.66 2.269 0.025 2.343. 0.027 2.334 0.034 
+.66 +.56 1.018 0.017 1.046 0.01( 0.934 0.022 
+.56 +.46 0.358 - 0.011 0.565 0.011 0.351 0.014 
+.46 • +.36 0.116 0.006 0.107 0.006 ' 0.110 0.003 
+.36 1-.26 0.136 0.007 0.131 0.007 0.130 0.003 
+.26 +.16 0.201 0.008 0.212 0.008 0.178 0.01) 
1.16 +.06 0.24.7 0.008 . 0.268 0.009 0.239 0.011 
+.06 -0.04 0.292 0.009 0.286 0.009 0.3)5 0.012 

-0.04 -0.14 0.329 • 0.0'10 0.339  0.010 0.337 0.013 
-0.14 -0.24 0.415 ' 0.0'11 0.396 0.011 0.397 (3.014 
-0.24 -0.34 0.550 0.013 0.537 0.013 0.521 0.018 
-0.34 -0.44 0.760 0.01.5 0.776 0.016 0.730. 0.019 
-0..44 -0.54 1.080 0.018 1.048 0.01.9 1.044 0.024- 
-0.54 -0.64 1.217 0.021 1.150 ' 0.021 1.136 0.026 

P differential cross-sections . 
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Table VI ( continued ) 

COS e* 

' 1054.9 <Plc 
HEM 

1058 .8 1058.8 <Pig 
11EV/C 

1062.7  1062.7 < f < 1066.6 
REV /C 

d ald a 
mb/sr 

ERROR 

mb/sr 

d 0/4:10 	• 
mb/sr 

ERROR 
mb/sr 

d cr/dr2 

mb/sr 
ERROR 
mb/sr 

+.86 +.76 5.009 0.047 4.859 0.044 4.774 0.039 
+..76 +.66 2.327 0.028 2.20.9 0.026 2.2Sr? 0.023 
+.66 +.56 1.016 0.018  0.997 0.017 0.975 0.015 
+.56 +.46 0.348 0.0'11 0.343 0.011 0.350 0.010 
+.46 +.36 0.109 9.006 0.098 0.006' 0.130 0.005 
+.36 +.26 0.121 0.007 0.112 0.006 0.121 0.006 
+.26 *.16 0.202 0.009 0.175 0.007 0.177 0.007 
+.16 +.06 0.246 0.009 0.258 0.009 0.251 0.003 
+.06 -0.04 0.302 0.0'10 0.286 0.009 0.23 0.003 

-0.04 -0.14 0.334 0.011 0.338 0.010 0.333 0.009 
-0.14 -0.24 0.396 0.012 0.385 0.011 0.337 0.013 
-0..24 -0.34 0.513 0.013 0.464 0.012 0.478 • 01.011 
-0.34 -0.44 0.714 0.016 0.671 0.015 0 .635 0.013 
-0.44 -0.54 1.013 . 0.019 0.974  0.018 0.924 0.015 
-0.54 -0.64 1.092 0.021 1.890 0.020 1.069 0.013 

i v 

136 
117  P differential cross-sections . 



Table VI ( continued ) 

CDS G*  

1066.6 <PIT< 1070.6' 
F1EV/C 

1070.6 <PC TT 
MEVIC 

1074.5 1074.5 	<PC Tr 
MEV/C 

1078.4 

do MQ 

mb/sr 

ERROR 

• rub/sr 
d a /cl ;-2 

mb/sr 
ERROR 
mb/sr 

do  Al Q 

mb/sr 
ERROR 
mb/sr 

+.86 • +.76 et . 76 2 0.042 4.663 0.033 4.5'41 0.03? 
+.76 +.66 2.251 0.025 2.223 0.023 2.169 0.024 
+.66 +.56 1.023  .0.017 0.986 0.015 1.035 0.016 
1-.56 +.46 0.372  0.011 0.359 	. 0.010 0.358 0.013 
+.46 +.36 0.116 0.006 0.100 0.305 0.111. 0.006 
+.36 +.26 0.132 0.007 0.119 0.006 0.125 0.006 
+.26 +.16 0.174 . 0.007 0.177 .   0.007 0.157 0.007 
+.16 +.06 0.257 0.009 0.235 0.008 0.243 0.003 
+.06 -0.04 0.298 0.009 0.296 0.008 0.235 0.003 

-0.04 -0.14 0.329 0.010 0.327 0.009 0.335 0.00') 
-0.14 -0.24 0.392 0.011 0.363 0.009 0.353 0.00? 
-0.24 -0.34 0.472 0.012 0.456 0.011 0.641 0.011 
-0.34 -0.44 0.637 0.014 0.6.06 0.012 0.539 0.013 
-0.44 -0.54 0.863 0.016 •0.846  0.015 0.837 0.015 
-0.54 -0.64 1.022 0.019  0.962  0.017 0.943 0.017 

• 

p differential cross-sections. 
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Table VI (continued) 

CIIS 

1078.4 Off< 
MEV/C 

1082.3 108.2.3 	071.< 
HEV/C 

1086 .2 1035..2 	ol.< 
HEVIC 

1090.2 

O &I/a 

mb/sr 

ERF.Iik 

mb/sr 

dcr/d0 

mb/sr 

ERROR 

mb/sr 

da/d12 

mb/sr 

ERROR 

mb/sr 

+.e6 +.76 4.390 0.038 4.396 0.039 4.294 • 0.046 
4.76 4.66 2.134 0.023 2.167 0.023 2.135 0.023 
+.66 4.56 0.987 0.016 0.990 0.016 1.004 0.019 
+.56 4.46 0.369 0.010 0.387 0.010 0.386 • 0.013 
+.46 4.36 0.111 0.006 0.122 0.006 0.129.  0.007 
4.36 4.26 0.120 	• 0.006 0.124 0.006 0.122 0.007 
4.26 4.16 0.169 0.007 0.1.65 0.007 0.177 0.003 
+.16  4.06 0.243 0.008 0.234 0..008 0.247 0.010 
+.06. -0.04 0.298 0.009 0.292 0.009 0.271 0.010 

-0..04 -0.14 0.326 0.009 0.318 0.009 0.326 ('.011 
-0.14 -0.24 0.363 0.010 0.342 0.009 0.341. 0.011 
-0 .24 -0 .34 0.412 0.010. 0 .454 0.011 0 .410 0.013 
-0.34 -0.44 0.566 0.012 0.612 0.013 0.536 0.015 
-0 .44 -0 .54 0.780 0•015 0 .768 0.015 0 .714 0.017 
-0.54 -0 .64 0.933 0.017 0.910 0417 0.822 0.019 
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Table VI ( continued ) 

COS e*  

1090.2 <P< 
71` 

MEV/C 

1094.1 1094.1 	<Pl 
Tr 

MEV/C 

1098.0 1038.0 	<P< 
TT 

MEV /C 

1101.9 

, 
d cr/dCZ 	• 

mb/sr 

ERROR 

mb/sr 

dcr /dc? 

mb/sr 

ERROR 

mb/sr 

de AlCi 

mb/sr 

ERROR 

mb/sr 

+.86 4-.76 4.211 0.040 4.043  0.039 et . 05 8 0.023 
+.76 4-.66 2.083  0.024 .2.026 0.024 2.018 0.017. 
+.66 +.56 1.004 0.017 0.979 0.016 0.971 0.012 
+.56 +.46 0.375 0.011 0.372 0.011 0 .389 0.003 
+.46 +.36 0.124 0.006 0.123 0.006 0.181 0.005 
+.36 +.26 0.127 0.006 	. 0.116 0.006 0.110 0.00'. 

+.26 +.16 0.180 0.007 0.168 0.007 0.171  0.00i 

+.16 +.06 0.238 0.008 0.228 0.000 0.212 :1.00!, 

+.06 -0.04 0.272 0.009 0.278 0.009 0.766 Z'.00..  

-0.04 -0.14 0.305 0.009 0.295 0.009 0.284 rl . or) .). 

-0 .14 -0.24 0.353 0.010 0.333 0.010 0.318 ,3 .., D i 

-0 .24 -0.34 0.393 0.011 1 	0.:$73 0.010 0.356 0.007 

-0.34 -0.44 0.517 0.012 0.488 0.01.2 0.4/D 0.00 ,, 

-0 .44 -0.54 0.707 0.015 0.686 0.014 0.036 0.01) 

-0 .54 -0.64 0.822 a.017 0.760 ' 0.016 0.750 0.012 

P differential cross-sections 
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Table VI ( continued ) 

COS 

1101.9 <14 
FIEV/C 

1105.8 1105.0 <PIF 
HE V/C 

1109.0 11)9.0 	<13.R< 
14E11 /C 

1113.7 

9*  da/d ° 

mb/sr 

ERROR 

mb/sr • 
• cia Alq 

mb/sr 

ERROR 

mb/sr 
da /dft 
mb/sr 

ERROR 

mb/sr 

+.136 +.76 3.971 0.028 3.885 0.030 3.870 0.033 
+.76 +.66 1.971 0.017 1.964 0.010 1.972 0.021 
-4-.66 +.56 0.959 0.012 0.960 0.013 0.968 . 0 .014 

. +.56 +.46 0.406 0.008 0.391 0.009 .  • 0.430 0.010 
+.46. ' +.36 0.133 0.005 0.133 0.005. 0.148 0.005 
+.36 +.26 0.115 0.004 0.124 • 0.005 0.124 0.005 
+.26 +.16 0.162 0.005 0.172 0.006 0.159 0.006 
+.16 +.06 0.223  0.006 0.211 0.006 0.216 0.007 
+.06 -0.04 0.273 0.006 0.252 0.007 0.274 0.00Et 

-0.04 -0.14 0.285 0.007 0.293 0.007 0..3)1 0.008 
-0..14 -0.24 0.327 0.007 0.311 0.007 0.318 0.003 

-0 .24 -0.34 0.35.3 . 0.007 0.365 0..008 0.353 ' 0.00? 
-0.34 -0.44 0:448 • 0.009 0.454 0.009 0.453 0.010 
-0 .44 -0.54 • 0.626 0.010 0.593 0.011 0.699 0.012 
-0 .54 -0.64 	t 0.727 . 0.012 0.733 0.012 0.712 0.014 
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Table VI ( continued ) 

cos e* 

1113.7 <P‹ 
Tr 

MEV/C 
1117.6 

' 
1117.6 <Pr< 

MEV/C 
1121.5 1121.5 	< P f< T 

MEV/C 
1125.4 

da/dn 

mb/sr 

ERROR 

mb/sr 
d Old c2 
mb/sr 

• ERROR 

mb/sr 
da/dQ 
mb/sr 

ERROR 

mb/sr 
+.86 +.76 3.743 0.034 3.793 0.032 3.738 0.03+ 
+.76. +.66 1.946 0.021 1.749 0.020 1.920 0.021 
+.66 +.56 0.985 0.015 0.782 0.014 0.930 0.015 
+.56 +.46 0.426 0.0111 0.440 0.010 0.4'+3 0.011 
+.46 +.36 0.145 0.006 0.141 0.006 0.153 0.006 
+.36 +.26 0.111 0.005 0.137 0.005 0.11 7 0.005 
+.26 +.16 0.161 0.006 0.168 0.006 0.163 p.006. 
+.16 +.06 0.225 0.007 0.226 0.007 0.219 0.007 
+.06 70.04 0.262 0.008 0.276 0.007 0.253 0.008 

-0.04 -0.14 0.275 0.008 0.284 0.007 0.232 0.008 
-0.14 -0.24 0.300 0.008 0.314  0.008 0.237 0.003 
-0.24 -0.34 0.36-0 	.• 0.009 0.344 0.008 0.344 0.009 
-0.34 -0.44 0.438  0.010 0.417 0.009 0.422 0.010 
-0.44 -0.54 0.556 0.012 0.572 0.011 0.5b5 0.012 
-0 .54 -0.64 0.6.6.8 0.014 0.674 • 0.013 0.623 0.014 

Tr P differential cross-sections. 
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Table VI ( continued ) 

• 
COS 9 	. 

1125.4 <Pir< 
KEV/C 

1129.4 1129.4 OrT( 
14EV/C 

1133.3 1133.3 	<If< 1137.2 
II EV /C 

d old 0 

mb/sr 

ERROR 

mb/sr 

d cr/dS2 

rub/sr 

ERROR 

mb/sr 

dcr/dR 

mb/sr 

ERROR 

mb/sr 

+.86 +.76 3.557 0.030 3.474 0.033 3.490 0.024 
+.76 +.66 1.933 0.019 1.367 • 0.021 1.834 0.013 
+.66 +.56 • 0.963 0.013 0.978 0.015 0.970 0.013 
4-.56. +.46 0.459 0.010 0.430 0.011 0.435 0.003 
+.46 +.36 0.146 0.006 0.148 0.006 0.149 0.00 	• 
+.36 1-.26 0.119 0.005 0.124 • 0.006 . 0.117 0..005 
t.26 +.16 0.158 .  0.006 0.144 0.006 0.157 0.005 
+.16 +.06 0.209 0.006 0.211 0.007 0.211 0.00N 
+.06 -0.04 0.259 0.007 0.247 0.00n 0.25R  0.007 

-0.04 -0.14 0.289 0.007 0.2.83 0.008 0.274 0.001 
-0..14 -0.24 	• 0.320 0.008  0.317 0.009 0.290 0.007 
-0.24 -0.34 0.350 ' 0.008 0..329 0.009 0.330 0.001  

-0.34 -0.44 . 	0.413. 0.0'09  0.397 0.010 0.335 0.009 
-0..44 -0.54 0.511 0.010 0.525 0.012 0 .53q,  0.010 

-0.•54 -0.64 0.649 0.012 0.594 0.013 0.616 0.012 

141 
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Table VI ( continued ) 

CDs e*  

1137.2 <R< 1141.1 
KEV/C 

1141.1 	<RI< 
• MEV/C 

1145.0 1145.0 	<V 116 41.0 
MEV /C 

d oldQ 
mb/sr 

ERROR 
mb/sr 

do /d0 

mb/sr 
ERROR 

nth/sr 
d VI:1Si 

mb/sr 

ERROR 

mb/sr 

4.86 +.76 3.389 0.031 3.356 0.031 3.336 0.033 
4.76 +.66 1.849  0.020 1.792 0.019 1.1112 0.019 
+.66 +.56 0.948 0.014 0.956 0.014 0.954 0.014 
+.56 +.46 0.466  0.011 0.450 0.010 0 .4'.4 0.013 
+.46 +.36 0.159 0.006 0.158 0.006 0.150 0.006 
+.36 +.26 0.113 0.005 0 .114 0.905 0.115 0.005 
+.26 +.16 0.161 0.006 0.155 0.006 0.154 . 0.005 
+.16 +.06 ' 0.216 0.007  0.194 0.006 0.233 0.006 
+.06 -0.04 0.249 0.007 0.248 0.007 0.247 0.007 

-0.04 -0.14 0.286 0.008 0.301 . 0.008 0.279 0.007 
-0.14 -0.24 0.297  0.008 0.309 0.008 0.438 0.003 
-0.24 -0.34 0.335 0.009 0.330 0.008 0.328 0.003 
-0.34 -0.44 0.404 0.010 0.375 0.009 0.382 0.001 
-0.44 -0.54 • 0.487 0.011 0.480 0.010 0.476 0.013 
-0.54 -0.64 0.586 U.012 0.566 • 0.012 0.550 0.012 

lI p differential cross-sections  . 
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Table VI ( continued ) 

COS O 

11.49.0 	<Ili< 
11EV/C 

1152.9 1152.9' 06 
HEM • 

1156.8 1156.8 	<Pic 
11 EV /C 

1160.7 

d a /d n 

mb/sr 
ERROR 

mb/sr 
d a /cla 
mb/sr 

ERROR 
mb/sr 

dold p 

mb/sr 

ERROR 

mb/sr 

+.86 .4.76 3.284. 0.030 3.236 0.029 3.130 . 0.033 
4-.76 1.66 1.799 0.019 1.785 0.019 . 1.725 0.021 
+.66 1-.56 0.969 • 0.014 0.944 0.014 0.846 0.015 
+.56 -t.46 0.453 0.010 0.436 0.01.0 0.4)9' 3.011 
*.46 -P.36 0.159 0.006 0.166 0.006 0.14.4 0.007 
+.36 +.26 0.111 0.005 0.114 • 0.005 0.115 0.005 
+.26 +.16 0.142 0.006 0.144 0.005 - 	0.148 0.005 
1-.16 +.06 0.198 0.007 . 0.197 0.006 0.136 0.007 
+.06 -0.04 0.247 0.007 0.243 0.007 0.241 0.003 

-0.04 -0.14 0.271 0.008 0.281 0.007 0.253 0.003 
-0.14 -0.24. 0.295 0.008 0.298 0.000 0.231 0.004 
-0.24 -0.34 0.324 • 0.008 0.323 0.008 0.240 0.004 
-0.34 -0.44 ' 0.355. 0.'009 0.365 • 0.009 0.347 0.010 
-0 .44 -0.54 0.481 0.011 0.460 0.010 0.437 0.011 
-0 .54 -0.64 0.548 0.012 0 .534 0.011 0.512 0.013 • . 
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CO CI 

Table 	, VII• (continued) 

C2 	C3 	C4 C5 C6 C7 X2 

1C94.1<0<1090.0 1..15+0.02 1.00+0.05 3.04+0.08 2.51+0.0? 1.32+0..07 0.72+0.09 -0.38+0.03 -0.14+3.05 51.53 

1098.0<P<1101.9 1.2740.02 1.82+0.05 3.05+0.09 2.50+0.09 1.34+3.08 0.74+0.10 -0.37,0.04 -0.13+3.05 6945 

1101.90<1105.8 1.26+0.02 1.79.3.06 3.020.10 2.19+0.13 1.34+5.09 •0.79+0.11 -0.37+0.05 -0.05+1.06 90.54 

1105.::<1,<1109.5 1.24+0.02 1.7643.05 2.98+0.06 2.43+0.03 1.32+3.06 0.7540.08 -0.95+0.03 -0.07+3.04 59.1,1i 

110°.0<0<1113.7 1.25+0.02 1.75+0.04 2.97+0.06 2.42+0.07 1.29+0.06 0.79+0.07 -0.38+0.03 7-0.01+3.04 59.31 

1113.7<1'<1117.6 1.1740.02 1.63+0.04 2.7540.06 2.15+0.07 1.13+0.06 9.5540.07 -0.13+0.03 -0.1040.04 63.52 

1117.60.<1121.5 1.1740.02 1.73+0.04 2.73±0.06 2.33+0.01 1.11+3.06 9.6740.37 -0.15.0.03 -0.07+3.34 80.45 

11.•..1.ro<1125.6 1.13+0 .02 1.68+0.04 2.6140.06 2.1840.07 1.05+0.06 0.56+0.07 -0.14+3.03 -0.11+3.33 72.16 

1125.4<P<1129.4 1.1140.02 1.60+0.04 2.54+0.06 2.09+0.03 0.97+0.06 0.5640.05 -0.19+0.03 -0.04+0.04 59.44 

II?' .40<1133.3 1.00+0.02 1.56+3.04 2.45+0.06 2.71+0.07 0.94+3.06 0.5043.07 -0.17+3.03 -0.06+3.04 63.71 

1133.3<0<1137.2 1.6010.02 1.55+0.04 2.46+0.06 2.01+0.07 0.94+0.06 0.54+0.07 -0.19±0.03 -0.36±).04 71.;)1 

1137.20)<1141.1 1.05+0.02 1.50+0.04 2.35+0.07 1.90.0.06 0.83+0.06 0.4440.08 -0.19+0.33 -0.06+3.04 59.53 

1141.1<P<1145.0 1.06+0.02 1.52+0.04 2.4140.07 1.97+0.03 0.96+7.07 0.56+0.08 -0.16+3.03 0.04+7.04 67.54 

1145.0<0<1149.0 1.04+0.01 1.521-0.04 2.3540.05 1.93+0.07 0.93+0.05 0.4744.07 -0.17+0.03 -0.04+0.04 76.41 

1149.0M1152.9 1.01+0.02 1.44,0.04 2.27+0.06 1.804-0.08 0.8210.06 0.4240.07 -0.2213.03 -0.03+3.04 69.20 

1152 .9e. P<1156 .6 1.01+0.02 1.45+3.04 7.2/1+0.06 1.92+0.0$ 0.07+0.06 0.4441.07 0.17+9.03 -0.41+3.04 47.70 

1156.4<P<1160.7 0.9610.02 1.40 4.0.04 2.17+0.06 .1.73+0.07 0.92+0.06 0.3740.07 -0.18+0.03 -0.08+3.04 34.35 

1160.7<P<1164.6 0.97 40.02 1.46+0.04 2.24+0.06 1.8110.07 0.92+0.05 0.4410.07 -0.39.0.03 -0.0410.34 81.04 

11(.4.64:N1160.6 0.0±0.02 1.41+3.04 2.15+0.06 1.70+0.07 .0.01+3.06 0.3311.07 -0.18+0.03 -6.06.7,04. 40.1.8 

1161.b<P<1172.5 0.95+0.02 1.41+0.04 2.15+0.06 1.71+0.06 0.85+0.05 0.36+0.06 -0.13+0.03 -0.0313.03 52.32 

1172.5(.0<1176.4 0.80+0.02 1.20+0.04 1.94 40.06 1.471:0.06 0.74+0.05 0.26+0.06 -0.15+0.03 -0.05+0.03 104.37 	' 

Legendre polynomial coefficients from fits to the Tr-p elastic differential cross-section. 
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7. 	ANALYSIS OF THE RESULTS 

7-1 	Behaviour Of The w Cross-section. 

The differential Cross-sections as a functior. of Cos 6* for_w 

production are shown in Fig(6-7). 

In attempting to understand the w production mechanism, one can 

make use of different models and apply them to the Cross-section behaviour. 

One approach is to try to describe the behaviour of the Cross-sec-

tion using a complex scattering length theory described in chapter(1-3). 

Using this approach, the Cross-section is given by; 

gbp
2f+1  

a = 47  
k2 (1+bp

2e+1)2 
+ (ap

2e+1
)
2 

(7-1) 

Where the quantity p is; 

P - 	
pi 

► 
/ 	 

+ (p* r)
2 

and where k is the CMS momentum corresponding to the initial state,p* is the 

final state CMS momentum, e is the orbital angular momentum of the final 

state system, r is the radius of the interaction, a is the real part and 

b is the imaginary part of the scattering length and g is a positive numb-

er less than one which measures the p 4- wn coupling. For a given angular 

momentum, there are four parameters, i.e., a,b,r, and g to be determined 

in a fit to the Cross-section by Eq(7-1). 

The finite radius of the interactions puts a limit on the angular 

w T1* 
momentum e, such that E..5. 	. Therefore one would expect wis to be produ- 

7  

ced in an S-wave for p* 140 Mev/c . 

Fits to the Cross-section have been attempted using both S-wave and 
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p-wave scattering lengths. Fig(7-1) contains all the existing Cross-section 

data up to p*=200 Mev/c, the dashed curve is the best S-wave fit for p* < 140 

Mev/c and the solid curve shows a fit from a combination of S-wave and P-waves. 

It is seen from these fits that neither an S-wave nor a ?wave scattering le-

ngth hypothesis can explain the behaviour at the threshold. 

Another approach to fitting the Cross-section is to assume that 

the w-n final state results from the decay of an N* resonance, i.e.; 

n p N* awn 

Consider first an S-wave production of the w-n system through the 

decay of an N* resonance. Those N* baryon resonances which could decay to an 

S-wave w-n system could only be Sil  and D13 
. Therefore an attempt was made to 

fit the data with an S-wave Breit-Wigner resonance of form; 

27r(J+l/2) 

 

r 	r 
np con 

   

3k2 (E-ER)2 1  + — Cr np  + r wn 
 + r o)2 

4  

Where ER 
is the resonance energy, E is the CMS total energy, k is the the CMS 

momentum of the incident particles and rip, and r ,-and ro are the partial 

widths to the elastic, wn, and all the other channels respectively. The values 

of rip, and r
o 

are functions of k* (CMS momentum of the corresponding channel), 

0 or k43  depending on whether an S or D wave N* is postulated. k*, however,varies 

by only 3% over the p* range from threshold to 200 Mev/c and they have been 

taken as constants. For S-wave production of the w one has rwn = cp*, where c 

is a constant and p* is the CMS momentum of wn channel. 

The parameters E
R
, rnp , ro 

and c were varied until the best fits 

for S
11 

and D13 
were obtained and shown in Fig(7-2). It is clear that the Cross-

section can not be explained as an S-wave decay product of an N* baryon reso-

nance, the basic problem is that to achieve a rapid change of a/p* at 
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low p* a small total width is required which also produces a rapid fall 

in cip* above the peak in contradiction with the data. 

The possibility was considered that the tun final state was 

in a P-wave state through the decay of an N* resonance. The possible res-

onances which are allowed to decay in to a P-wave wn system are P11, P13, 

and F15. An attempt was made to fit the data with a P-wave N* resonance 

plus an S-wave scattering length. 

The S-wave contribution to the Cross-seution was assumed 

to be proportional to P* (equivalent to an S-wave scattering length) and 

the P-wave to be represented by a Breit-Wigner resonance, Thus the Cross-

section is of the form; 

a= ap* + 
2/3(J+1/2)* 

 

TI - r T  um 

   

3k2 

 

(E-E
R)2  +4(r + ro 	r con )2 4-  

(Eq.(7 -3) 

The symbols are defined as before but the partial width rum  now incorpor-

ates the Blatt-Weisskopf barrier factor and is given by; 

3 
rwn = 	(P* r)  

1+(p* r)
2 

(Eq.(7-4) 

Where r is the radius of the interaction, p* is the CMS momentum of the 

con channel and y is a constant. 

Parameters a,y ,ER,rwp, and ro for various fixed values of 

r (from 0.5 to 2.5 fermi) were varied until the best fit to the data was 

obtained. Equally good fits were obtained for values of J=1/2,3/2 or 5/2, 

and Table(IIX) shows some of the results for J=1/2, where the values of x2  

are for 36 degrees of freedom. 

This table shows that the value of x2  is insensitive to chan - 

ges of 100 Mev/c2 in, Ea, y , or rIrp  and that the shape of the fitted curve 
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depends mainly on the barrier factor. 

To demonstrate this insensitivity, the values of the parameters 

corresponding to the lowest values of x2  were roughly averaged and gave 

ER  = 1720 Mev/c2, r TrP=150  Mev/c2, Y=100 Mev/c2, and r=1.2 fermi. Po  anda 

were allowed to vary and Fig(7-3) shows the result of the fit which gave 

a value of x2  = 18 . 

A comparison between the S and P wave contributions to the Cross-

section shows the P-wave contribution is quite large, dominating over 

the S-wave even at very low p* (table IX). This large P-wave contribution 

is an indication that a P -wave N* resonance is possibly responsible for w  

production. 

As far as the total cross-section is concerned there is no evidence 

for preference of any of the total angular momentum values J of the N* 

resonance. 

7-2 	Angular Distribution Of The un System. 

As has already been described in section(1-3), there are only.seven 

amplitudes from all the possible S and P-wave,combinations which could contribute 

-to the angular distribution shown—expanded in Eq(1-29). This suggests 

that combinations of amplitudes (SS11) + (PP13) or (DS33) + (PP11), lead 

to an isotropic angular distribution while the combinations (SS11) + (PP13) 

+ (PP33) + (FP53) or (DS33) + (PP31) + (PP11), produce no P1(COS 0*) term 

in the angular distribution although they produce a P2(COS 6*) term. 

The values of the ratio of the Legendre polynomial coefficients 

from the fit to the angular distribution,as afunction of p*, are shown 

in Fig(6-9). The values of the ratios C1/C0  and C2/Co  which represent the 

contributions from the P1
(COS 6*) and P

2
(COS G*) term in the Cross-section 



150 

respectiyely are consistent with zero, (their maximum values are less 

than 0.15). Therefore, it is not unreasonable to assume that the angular distr- 

ibution is isotropic. Then the allowed amplitudes are; (SS11) + (PP13) or 

(DS33) + (PP11). It must be pointed out that even though each of the above 

combinations leads to anisotropic angular distributicn only one of the 

above combinations could be responsible for the isotropic production of 

the wn system. For both of the above combinations, the final state P-wave 

component is linked to an initial 1. p state of J=1/2 and L=1, associated 

with a P11  . However, the Pil  resonance would be expected to contribute 

to both the PP11 and PP13 amplitudes and thus would lead to a P1(COS 0*) 

term in the angular distribution through S-P interference. The isotropic 

distribution implies therefore,that either the PP11 or PP13 together with 

the corresponding final state S-wave is suppressed. 

A theoretical prediction of an N* baryon resonance decay involv- 

ing a vector meson based on the c-broken SU(6)w 
model was presented by 

W.P. Petersen and et al(21). Their model predicted the dominent spin of 

the pn system for the decay of the P11(1780) in Trp collisions, which was 

found to be in agreement with the experimental data
(22). They also predi- 

be 
cted that a spin of s=3/2 would dominant in the reaction Trp+p ii(1780)+wn 

and the ratio of the amplitudes PP13/PP11 would be 97% / 3% .Therefore, 

based on this prediction, there is a theroretical justification for the 

suppression of the PP11 final state amplitude in the decay of a Pi, res-

onance into an wn system. 

A further consideration is to keep the prohibition on the P1(COS 0*) 

term but allow a P2
(COS 0*) term to be present in the angular distribution 

as our data possibly requires. In such a case the combinations of amplitudes 
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which lead to the absence of the pi(COS 0*) term are (SS11) + (PP13) + (PP33) 

+ (FP53) or (DS33) + (PP11) + (PP31). The initial state rp system could have 

L:1, J=3/2 or L=3, J=5/2, which correspond to N* resonance in P13  and F
15 

states. 

The P13 suffers from two difficulties. The first one is the same as 

the P
11' 

that is, the prohibition of P
1(COS 0) term requires the suppresion 

of one of the amplitudes that the resonance can feed,i.e., either PP13, or 

PP33. Assuming that this was theoretically justified a second difficulty ari-

ses because both of these two amplitudes would produce a large P2(COS 6*) term 

in the angular distribution (see appendix I)., whilst our data indicate a 

contribution of less than 15±15 % . 

The F15 can only produce one amplitude and so does not suffer the 

first difficulty of the P13' but again it would produce a large P2(COS 0) 

term. 

Thus neither P13  nor P15 could be a possible N* resonance candidate 

for w production. 

A possible alternative to the models which have been used to examine 

the w production mechanism, is a final state interaction model. The average 

separation of the w and n at the decay for p* = 31 Mev/c, is equal to a pion 

compton wavelength. A possible effect which might introduce a significant 

change in the Cross-section in region of low p* is a final state interaction 

between the neutron and a pion from the w decay products. This model was 

examined in some detail inRef(2). The drop.in the Cross-section could 

be understood by this model. However, if it is so, the final state interacti- 

on effect would be much stronger in the 7+7 r°  than in the Tr°y decay channels 
- + o 

and resulting from this one would expect to see the 7T 7T7T  branching ratio incre- TrOy  

asing with p*, while such an effect has not been observed. In addition a final 

state interaction could also lead to the distortion of the w mass spectrum and 
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again no such effect is seen. 

There has been a, suggestion that p meson exchange in the t-channel 

could account for the drop in the production Cross-section near threshold. 

A detailed calculation of the p exchange model showed that it could only 

account for a few % of the drop in the Cross-section (2)  

7-3 	Analysis of the 7r p Elastic Results . 

The results of the elastic scattering Cross-section measurement are 

now examined. 

7-3-1 Cusp Effect  

It should be mentioned that the elastic scattering data was part 

of a series of measurements to study possible- structure at the n,w, and 

X°  thresholds. 	In the course of the work a cusp was observed in the 

elastic scattering Cross-sectionatithenthreshold and the result of this 

measurement is published elsewhere(16). Iri_this. work, however, only the 

data which correspond to the w meson threshold is presented. 

The results of the measurements of the elastic cross-sections, 

angular distributions and the Legendre polynomial coefficients from fits 

to the angular distributions are shown in Figs. (6-10) to (6-15). 

A feature of data is that the Cross-section shows neither any 

structure at the w production threshold (Et), nor any narrow resonance over 

the energy range which has been covered. 

The fact that we have no tobserved any structure at the production 

threshold, is not very surprising and can be explained. 	The physical 

quantities characterising the scattering process are singular at the threshold 

of a new reaction channel. 	The singularity in the Cross-section which is 

associated with threshold "distributes itself", over the elastic scattering 
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Cross-section and the Cross-section of the reaction channels, thus two conclusions 

follow; 	(1) Near the threshold Et for the w production, there are 

anomalies not only in the scattering Cross-section, but in the Cross-section 

of all the other reaction channels, whose threshold energy Et lies below 

Et; • 	(2) As the number of competing reaction channels increases, the 

anomaly in the elastic Cross-section decreases. The magnitude depends 

on the details of the situation, but the decrease need not be small. 

However, the nature of the singularity does not change, and whether or 

not it can be observed depends on the precision of the measurement. This 

argument holds only when the width of the resonance is small; if the 

resonance is wide, then the anomaly in the Cross-section will be smeared 

out and it will not be possible to observe it. 

The threshold energy for w production in 17p collisions is ET 

1.722 Gev. In addition to w production there are a large number of final 

states Kinematically allowed, such as .71) np , Ko  A°, 	eand multi-pion 

final states. 	The other more important aspect of thew meson is that 

the width (r .w  10 Mev/c, is large compared to that of nn'T.1  = 2.6 Kev/c 2). 

Therefore, 	it is believed that these two characteristics of w meson 

production smear out the anomaly in the elastic channel and thus make it 

unobservable as a cusp. 

7-3-2 Me-effect of the opening of the w threshold on the elastic channel. 

For an unpolarised target the differential cross section of the 

recoil nucleon expressed in terms of the non-spin-flip amplitude f (046,k ) 

and the spin-flip amplitude g (0*,k ) 

N, 
da 	= If (e*,k)I 

2 
 + Ig (e*, 	

NI 2 
 

dS1 
(7-5) 
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The f(8*,k) and g(6 , k) amplitude can be expanded as a sum of 

partial waves. For each value of 2, , the orbital angular momentum of 

the system, there are two values of the total angular momentum, i.e.,' 

J =St +1/2 and J = 20-1/2 and both terms appear in the summation. The 

expansion is given by 

f(0*,4) =XEz  (t +1)Tz  (k)-;. +2, Tz 	pt(cose *) 

g(6
*
,k) =iXEO  T(k)+ Ts (k) Pit1   (cos 6 *) 

( 7-6) 

* 
where P1 (cos 6*) = sin 6 (dpt 

/d cosO *) are the first associated 

Legendre functions and Pz  (cos 6*) are the Legendre polynomials,X = 

is the wavelength and Tv+  are the partial wave amplitudes, defined by; 

2iS Tt± 	= 
1  

(n * 	2,±1/2 	1 ) 2,±1/2 e  2i 
(7-7) 

For £± the convention adopted is S,P,D,F,G,H for = 0,1,2,3,4,5 

with subscripts 21 and 2J, (t
21 2J)' so D

13  is t = 2, I = 1/2, J=3/2. 

Considering the two isopin state 1=1/2 and 1=3/2, and using the 

* 	 * 
above convention f (0 , k), and g(8 ,k ) can be written as; 

f(e*,k ) = 1 
(2S11  + S31 )+ (2P11 

+ 4P
13
+p
31
+2P

33
)cos 6 

  

and 

6 ik 

+ (4D
13+6D15 

+ 2d
33 + 3D35) 

 (3/2 cos
2 
8
* 
- 1/2) 

+ 
(6F15 

+ 8F
17 

+ 4F37)  (5/2 cos
36*- 3/2 cos) + 	} 

g(6 ,1) = - 1 { P
33 
+2P

13 -P31 - 2P11 
 ) sin 6*  

-g..17.   

+ 3(D35+ 2D15-D33  - 2D13) sin 6 cos e*  

+ 3/2 (F37 
+ 2F

17 
- F

35 
- 2F15)  (5 cost 6

* 
-1) sin 6

* 

( 7-8 ) 
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where the amplitudes are given by Eq(7-7), e.g., for S11  we have 

" S
11 

e25.611 - 1. 

An attempt has been made to investigate the effect of the production 

of the w meson on the elastic scattering channel. For this purpose we have 

used the results of a phase shift analysis Cern Experimental (1969) (24) 

As they have only six data points at about 40 Merle apart in the range of 

the momentum which has been covered by our experiment we averaged their data 

and an interpolation has been made to calculate the phase shift parameters 

at every 4 Mev/c . 

The prediction of the elastic scattering cross-section from the phase 

shift results for a number of angular regions are shown in Fig(7-4). The 

agreement between our data and the prediction of the phase shift analysis 

is very good and justifies our normalisation. 

Although we would not expect to see any cusp behaviour the opening 

of the w-n channel could affect the elastic cross-section significantly. 

In order to calculate what effect this could have had we have estimated 

values that the elastic cross-section would have taken had there been no 

w production. 

To calculate this effect two assumptions were made; first that w  

production only couples to the elastic channel and second that only S11  

and P
11 

- waves are present. The P
13' 

D
13' 

and  F
15 

as already discussed are 

suppressed. 

To do this we need the (S
11 

and P
11) cross-section as a function of 

p , however, Table(IX) gives them as a function of the centre of mass momentum 
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(p*) 

These were calculated at a particular value of pir  , by; 

a) Choosing a series of w masses over its width according- to a 

Breit-Wigner distribution. 

b) For each mass calculating the corresponding p* and therefore, 

the cross-section. 

c) Determining the weighted cross-section corresponding to p.m  . 

Having calculated the w cross-section as a function of pir, then the 

effect in the elastic channel was determined at each value of p ; 

i) Calculating the elastic S
11 

and P
11 

-waves cross-sections from 

the phase shift analysis. 

ii) Increasing the elastic cross-section by the corresponding 

amounts calculated above. 

iii) Recalculating the phase shift absorption parameters. 

iv) Determining the difference between the old and new phase 

shift predictions. 

These are ploted in Fig(7-4). It is seen from this plot that changes 

in the slope of the cross-section in a number of angular regions are quite 

significant. These rather large changes suggest that the assumption which 

has been made in our calculation, i.e., that w production only comes from 

the elastic channel, is not true and therefore, the other inelastic channels 

are also affected by w meson production. 

The other feature of the elastic scattering result is the absence of 
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any narrow resonance over the range of energy covered. Although there is a 

sign of an enhancment at total centre of mass energy E = 1.717 Gev, it is 

only observed in two regions of Cos e* ,{ -0.34 < cos 0* < -0.24, and 

< Costa* < -0.34 }, with a width of a few Mev/c2  and a height of not _ 

more than two standard deviations. This ,however, is a very narrow and small 

bump and is most likely a statistical fluctuation. To get an idea how a very 

narrow resonance would look like in the elastic channel, a small loop in the 

S11 
- wave Argand plot was imposed between two consecutive data points of 

Ref(24), and the resulting elastic cross-section was then calculated. The 

Argand diagram for this wave and the predicted cross-section behaviour in 

only one angular region are sham in Fig(7-5). The effect of imposing a loop 

was similar in the other angular regions. Therefore, because of absence of 

such a very characteristic behaviour in our data , the possibility is rejected 

that a narrow N* resonance coupling strongly to the elastic channel causes 

the rapid rise in the cross-section of the w production near its threshold. 
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7-4 	Conclusion.  

To conclude our results, we now summarize the w production analysis 

and try to find an answer to the question " How is the w produced ". 

It has been shown that the production of the w meson can not be 

understood either by elastic scattering length theory or by a p meson 

exchange in the t-channel. The final state interaction model could explain 

the drop in the cross-section at low p*, but the other aspects of the 

production behaviour completely reject this model. The resonance model, 

however, has shown that an N* resonance in the Pll, state with parameters 

of ER = 1720 ± 100 Mev/c
2, rip  = 150 ± 100 Mev/c2, and y = 100 ± 100 Mev/c

2 

can explain both the behaviour of the w production cross-section and its 

angular distribution. 

The nearest well-established np resonance with these quantum numbers 

is the P
11 with mass range of 1640 - 1800 Mev/c

2 and width of between 100 

and 300 Mev/c2. These characteristics of the observed N* :esonance are quite 

within the range of the obtained fitted parameters in our result. Therefore 

it is very likely that the w meson is produced mainly through the P-wave 

decay of this P
11 

resonance. 
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The cross-section data fitted 	using scattering length theory. The 

broken curve shows an S-wave fit for p* <140 Mev/c, the solid curve 

is for P-wave. 

Fig 7-1 ) 
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TABLE(IIX) 
J = 1/2 

r 

Fermi 

ER 

Mev/c2 

Y 

Mev/c2 

el 

Mev/c2 

ro 

Mev/c2 

r 	
rk 

Mev/c2 

ael 
ea: 

mb 
. 	X2 

0.5 1680 70 85 0.3 87 1.8 19.5 

0.8 1660 240 115 0.5 128 2.8 19 

1.0 1640 185 150 6.0 174 2.8 18 

1.2 1650 125 250 50 320 1.0 18 

1.5 1790 85 110 85 220 1.6 18.5 

2.0 1710 45 340 17 380 0.1 27 

r is the total width and calculated for p*=100 Mev/c. 

ael is the calculated Cross-section for the elastic reaction 

at E=ER . 



167 

TABLE IX 

The results of fits to the w production Cross-section data using 

an S-wave scattering length plus a p-wave 0 resonance, i.e.; 

a = a(S-wave) + a(p-wave). 

P* 

Alley* 

Aa 
dat

a 
adata 

Pb 	Vb 

fit 
a 

Pb 

a (3-wave) 
fit 

Pb 

a (P-wave) 
fit 

Pb 

20 53 	4 57 52 5 

25 77 	6 75 65 10 

30 105 	24 96 78 18 

35 127 	7 129 96 33 

40 151 	9 146 104 42 

45 190 	8 175 117 58 

50 214 	25 208 130 78 

56 238 	19 252 145 106 

64 288 	28 316 166 149 

70 374 	35 370 182 188 

76 414 	12 425 197 229 

80 448 	32 466 208 256 

85 497 	51 517 221 297 

90 577 	50 570 234 335 

99 650 	28 665 257 408 

103 .633 	62 707 268 440 

I 
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TABLE IX ( continued ) 

P* 

Mev/c 

, 

a data 	1̀:7data 

Pb 	Pb 

vfit 

Pb 

- 

6(S-wave) 
fit 

Pb 

a (P-wave)' 
fit 

Pb 

107 802 	59 750 278 470 

110 824 	78 782 286 495 

118 838 	43 864 307 557 

122 903 	73 904 317 585 

126 978 	45 943 331 617 

130 1066 	91 981 338 643 

137 1013 	63 1046 356 689 

140 1043 	84 1072 364 708 

150 1203 	106 1155 390 765 

157 1200 	56 1209 408 800 

170 1326 	122 1297 442 855 

180 1431 	126 1357 468 889 

190 1482 	133 1411 494 917 

196 1262 	80 1440 510 930 

210 1617 	149 1503 546 955 
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APPENDIX  

COEFFICIENTS FOR 

STATE 1 	STATE 2 

da/010 

AO A 1 A 2 A 3 A 4 
• 

A 5 A 6 A 7 A 8 A 9 

00000101 	•00000101 1.000 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
00000101 	01010101 0.0 2.000 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
00000101 	01010301 0.0 4.000 0.0 0.0 0.0. 0.0 0.0 0.0 0.0 0.0 
00000101 	02020301 0.0 0.0 4.000 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
00000101 	02020501 0.0 0.0 6.000 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
00000101 	03030501 0.0 0.0 0.0 6.000 0.0 0.0 0.0 0.0 0.0 0.0 - 
00000101 	03030701 0.0 0.0 0.0 8.000 0.0 0.0 0.0 0.0 0.0 0.0 
00000101 	04040701 0.0 0.0 0.0 0.0 8.000 0.0 0.0 0.0 0.0 0.0 
C0000101 	04040901 0.0 0.0 0.0 0.0 10.000 0.0 0.0 0.0 0.0 0.0 
0:.000101 	05050901 0.0 0.0 0.0 0.0 0.0 10.000 0.0 0.0 0.0 0.0 
01010101 	01010101 1.000 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
01010101 	01010301 0.0 0.0 4.000 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
01010101 	02020301 0.0 4.000 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
01010101 	02320501 0.0 0.0 0.0 6.000 0.0 0.0 0.0 0.0 0.0 0.0 
01010101 	03030501 0.0 0.0 6.000 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
01010101 	03030701 0.0 0.0 0.0 0.0 8.000 0.0 0.0 0.0 0.0 0.0 
01010101 	04040701 0.0 0.0 0.0 8.000 0.0 0.0 0.0 0.0 0.0 0.0 
01010101 	04040901 0.0 0.0 0.0 0.0 0.0 10.000 0.0 0.0 0.0 0.0 
01010101 	05050901 0.0 0.0 0.0 0.0 10.000 0.0 0.0 0.0• 0.0 0.0 
01010301 	01010301 2.000 0.0 2.000 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
01010301 	02020301 0.0 0.800 0.0 7.200 0.0 0.0 0.0 0.0 0.0 0.0 
01010301 	02020501 0.0 7.200 0.0 4.800 0.0 0.0 0.0 0.0 0.0 0.0 
01010301 	03030501 0.0 0.0 1.714 0.0 10.286 0.0 0.0 0.0 0.0 0.0 
01010301 	03030701 0.0 0.0 10.286 0.0 5.714 0.0 0.0 0.0 0.0 0.0 
01010301 	04040701 0.0 0.0 0.0 2.667 0.0 13.333 0.0 0.0 0.0 0.0 
01010301 	04040901 0.0 0.0 0.0 13.333 0.0 6.667 0.0 0.0 0.0 0.0 
01010301 	05050901 0.0 0.0 0.0 0.0 3.636 0.0 16.364 0.0 0.0 0.0 
020[0301 	02020301 2.000 0.0 2.000 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
02020301 	02020501 0.0 0.0 1.714 0.0 10.286 0.0 0.0 0.0 0.0 0.0 
02020301 	03030501 0.0 7.200 0.0 4.800 0.0 0.0 0.0 0.0 0.0 0.0 
02020301 	03030701 0.0 0.0 0.0 2.667 0.0 13.333 0.0 0.0 0.0 0.0 
02020301 	04040701 0.0 0.0 10.286 0.0 5.714 0.0 0.0 0.0 0.0 0.0 
02020301 	04040301 0.0 0.0 0.0 0.0 3.636• 0.0 16.364 0.0 0.0 0.0 
02020301 	05050901 0.0 0.0 0.0 13.333 0.0 6.667 0.0 0.0 0.0 0.0 
02020501 	02020501 3.000 0.0 1.429 0.0 2.571 0.0 0.0 0.0 0.0 0.0 
02020501 	03030501 0.0 0.514 0.0 3.200 0.0 14.286 0.0 0.0 0.0 0.0 
02020501 	03030701 0.0 10.286 0.0 8.000 0.0 5.714 0.0 0.0 0.0 0.0 
02020501 	04040701 0.0 0.0 1.143 0.0 4.675 0.0 18.182 0.0 0.0 0.0 
02020501 	04040901 0.0 0.0 14.286 0.0 9.351 0.0 6.364 0.0 0.0 0.0 
02020501 	05050901 0.0 0-0 0.0 1.818 0.0 6.154 0.0 22.028 0.0 0.0 
03030501 	03030501 3.000 0.0 3.429 0.0 2.571 0.0 0.0 0.0 0.0 0.0 
03030501 	03030701 0.0 0.0 1.143 0.0 4.675 0.0 18.182 0.0 0.0 0.0 
0303050 1 04040701 0.0 10.286 0.0 8.000 0.0 5.714 0.0 0.0 0.0 0.0 
03030501 	04040901 0.0 0.0 0.0 1.818 0.0 6.154 0.0 22.028 0.0 0.0 
03030501 	05050901 0.0 0.0 14.286 0.0 9.351 0.0 6.364 .0.0 0.0 0.0 
03030701 	03030701 4.000 0.0 4.762 0.0 4.208 0.0 3.030 0.0 0.0 0.0 
03030701 	04040701 0.0 0.381 0.0 2.182 0.0 6.593 0.0 22.844 0.0 0.0 
03030701 	04040901 0.0 13.333 0.0 10.909 0.0 9.231 0.0 6.527 0.0 0.0 
03030701 	05050901 0.0 0.0 0.866 0.0 3.237 0.0 8.485 0.0 27.413 0.0 
040.0701 	04040701 4.000 0.0 4.742 0.0 4.208 0.0 3.030 0.0 0.0 0.0 
04040701 	04040901 0.0 0.0 0.866 0.0 3.237 0.0 8.485 0.0 27.413 0.0 
04040701 	05050901 0.0 13.333 0.0 10.909 0.0 9.231 0.0 6.527 0.0 0.0 
04040901 	04040901 5.000  0.0 6.061 0.0 5.664 0.0 4.84 8 0.0 3.427 0.0 
04040901 	05050;01 0.0 0.303 0.0 1.678 0.0 4.615 0.0 10.750 0.0 32.653 
05050901 	05050901 5.000 0.0 6.061 0.0 5.664 0.0 4.848 0.0 3.427 0.0 

States are labeled as; L L' (2J) (2s') 



_ 

17.0 

state 1 state 2 AO Al A 2 A3 A4 A5 A6 A7 A8 A9 

00020103 00020103. 1.000 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
00020103 01010103 0.0 2.000 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

00020103 01019303 0.0 -1.265 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

00020103 01030303 0.0 3.795 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

00020103 02000303 0.0 0.0 -2.828 0.0 0.0 0.0 0.0 D.0 0.0 0.0 

00020103 02020303 0.0 0.0 2.828 0.0 0.0 0.0 0.0 0.0- 0.0 0.0 
00020103 02020503 0.0 0.0 -2.268 0.0 0.0 0.0 0.0 0.0 0.0.  0.0 

00020103 02040503 0.0 0.0 5.555 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

00020103 03010503 0.0 0.0 0.0 -4.648 0.0 0.0 0.0 0.0 0.0 0.0 

00020103 03030503 0.0 0.0 0.0 3.795 0.0 0.0 0.0 0.0 0.0 0.0 

00020103 03030703 0.0 .0.0 0.0 -3.266 0.0 0.0 0.0 0.0 0.0 0.0 

00020103 03050703 0.0 0.0 0.0 7.303 0.0 0.0 0.0 0.0 0.0 0.0 

00020103 04020703 0.0 0.0 0.0 0.0 -6.414 0.0 0.0 0.0 0.0 0.0 

00020103 04040703 0.0 0.0 0.0 0.0 4.701 0.0 0.0 0.0 0.0 0.0 

00020103 04040903 0.0 0.0 0.0 0.0 -4.264 0.0 0.0 0.0 0.0 0.0 
00020103 05030903 0.0 0.0 0.0 0.0 0.0 -8.165 0.0 0.0 0.0 0.0 
00020103 05050903 0.0 0.0 0.0 0.0 0.0 5.774 0.0 0.0 0.0 0.0 
01010103 01010103 1.000 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
01010103 01010303 0.0 0.0 -1.265 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
01010103 01030303 0.0 0.0 3.795 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
01010103 02000303 0.0 -2.828 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
01010103 02020303 0.0 2.828 0.0 0.0 0.0 0.0 0.0 0.0 0.0 .0.0 

01010103 02.020503• 0.0 0.0 0.0 -2.268 0.0 0.0 0.0 0.0 0.0 0.0 
01010103 02040503 0.0 0.0 0.0 5.555 0.0 0.0 0.0 0.0 0.0 0.0 

01010103 03010503 0.0 0.0 -4.648 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
01010103 03030503 0.0 0.0 3.795• 0.0 0.0 0.0 0.0 0.0- 0.0 0.0 
01010163 03033703 0.0 0.0 0.0 0.0 -3.266 0.0 0.0 0.0 0.0 0.0 
01010103 03050703 0.0 0.0 0.0 0.0 7.303 0.0 0.0 0.0 0.0 0.0 
01010103 04020703 0.0 0.0 0.0 -6.414 0.0 0.0 0.0 0.0 0.0 0.0 
01010103 04040703 0.0 0.0 0.0 4.781 0.0 0.0 0.0 0.0 0.0 0.0 
01016103 04040903 0.0 0.0 0.0 0.0 0.0 -4.264 0.0 0.0 0.0 0.0 
01010103 05030903 0.0 0.0 0.0 0.0 -8.165 0.0 0.0 0.0 0-.0.  0.0 
01010103 05050903 0.0 0.0 0.0 0.0 5.774 0.0 0.0 0.0 0.0 0.0 
01010303 01010303 2.000 0.0 -1.600 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
01010303 01030303 0.0 0.0 -2.400 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
01010303 02000303 0.0 1.789 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
01010303 02020303 0.0 1.431 0.0 -3.220 0.0 0.0 0.0 0.0 0.0 0.0 
01010303 02020503 0.0 6.024 0.0 -4.590• 0.0 0.0 0.0 0.0 0.0 0.0 
01010303 02040503 0.0 0.0 0.0 -3.513 0.0 0.0 0.0 0.0 0.0 0.0 
01010303 03010503 0.0 0.0 2.939 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
01010303 03030503 0.0 0.0 2.743 0.0 -5.143 0.0 0.0 0.0 0.0 0.0 
01010303 03030703 0.0 0.0 7.967 0.0 -5.902 0.0 0.0 0.0 0.0 0.0 
01010303 03050703 0.0 0.0 0.0 0.0 -4.619 0.0 0.0 0.0 0.0 0.0 
01010303 04020/03 0.0 0.0 0.0 4.057 0.0 0.0 0.0 0.0 .0.0 0.0 
01010303 04040703 0.0 0.0 0.0 4.032 0.0 -7.055 0.0 0.0 0.0 0.0 
01010303 04040903 0.0 0.0 0.0 9.888 0.0 -7.191 0.0 0.0 0.0 0.0 
01010303 05030903 0.0 0.0 0.0 0.0 5.164 0.0 0.0 0.0 0.0 0.0 
01010303 05050903 0.0 0.0 0.0 0.0 5.311 0.0 -8.963 0.0 0.0 0.0 
01030303 01030303 2.000 0.0 1.600 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
01030303 02000303 0.0 0.0 • 0.0 -5.367 0.0 0.0 0.0 0.0 0.0 0.0 
01030303 020203(3 0.0 1.073 0.0 4.293 0.0 0.0 0.0 0.0 0.0 0.0 
01010303 02020503 0.0 -0.861 0.0 -3.442 0.0 0.0 0.0 0.0 0.0 0.0 
01010303 02040503 0.0 7.026 0.0 3.513 0.0 0.0 0.0 0.0 0.0 0.0 
01030303 03010503 0.0 0.0 -0.420 0.0 -8.398 0.0 0.0 0.0 0.0 0.0 
01030303 03030503 0.0 0.0 2.057 0.0 5.143 0.0 0.0 0.0 0.0 0.0 
01030303 03030703 0.0 0:0 -1.771 0.0 -4.426 0.0 0.0 0.0 0.0 0.0 
01030303 03050703 0.0 0.0 9.897 0.0 3.959 0.0 0.0 0.0 0.0 0.0 
01030303 04020703 0.0 0.0 0.0 -0.901 0.0 -11.269 0.0 0.0 0.0 0.0 
01030303 04040703 0.0 0.0 0.0 3.024 0.0 6.047 0.0 0.0 0.0 0.0 
01030303 04040903 0.0 0.0 0.0 -2.697 0.0 -5.394 0.0 0.0 0.0 0.0 
01030303 05030903 0.0 0.0 0.0 0.0 -1.408 0.0 -14.084 0.0 0.0 0.0 
01030303 05050903 0.0 0.0 0.0 0.0 3.983 0.0 6.971 0.0 0.0 0.0 
02000303 02000303 2.000 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
02000303 02020303 0.0 0.0 -4.000 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
02000303 02020503 0.0 0.0 3.207 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
02000303 62040503 0.0 0.0 0.0 0.0 -7.856 0.0 0.0 0.0 0.0 0.0 
02000303 03010503 0.0 6.573 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
02000303 03030503 0.0 0.0 0.0 -5.367 0.0 0.0 0.0 0.0 0.0 0.0 
02000303' 03030703 0.0 0.0 0.0 4.619 0.0 0.0 0.0 0.0 0.0 0.0 
02000303 03050703 0.0 0.0 0.0 0.0 0.0 -10.328 0.0 0.0 0.0 0.0 
02000303 0402u703 0.0 0.0 9.071 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
02000303 04040703 0.0 0.0 0.0 0.0 -6.761 0.0 0.0 0.0 0.0 0.0 
02000303 04040903 0.0 0.0 0.0 0.0 6.030 0.0 0.0 0.0 0.0 0.0 
02000303 05030903 0.0 0.0 0.0 11.547 0.0 0.0 0.0 0.0 0.0 0.0 
02000303 05050903 0.0 0.0 0.0 0.0 0.0 -8.165 0.0 0.0 0.0 0.0 
02020303 02020303 2.000 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
02020303 02020503 0.0 0.0 2.291 0.0 -5.498 0.0 0.0 0.0 0.0 0.0 
02020303 02040503 0.0 0.0 2.245 0.0 5.611 0.0 0.0 0.0 0.0 0.0 
02020303 03010503 0.0 -1.315 0.0 4 -5.258 0.0 0.0 0.0 0.0 0.0 0.0 
02020303 03030503 0.0 6.440 0.0 -1.073 0.0 0.0 0.0 0.0 0.0 0.0 
02020303 03030703 0.0 0.0 0.0 3.079 0.0.  -7.698 0.0 0.0 0.0 0.0 
02020303 03050703 0.0 0.0 0.0 3.443 0.0 6.885 0.0 0.0 0.0 0.0 
02026303 040207C•3 0.0 0.0 -2.592 0.0 -6.479 0.0 0.0 0.0 0.0 0.0 
02020303 04040703 0.0 0.0 8.693 0.0 -1.932 0.0 0.0 0.0 0.0 0.0 
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state 1 state 2 A 0 Al 	A2 	A3 	A4 A5 A6 	A7 	A8 A9 
02020303 	04040903 0.0 0.0 0.0 0.0. 3.837 0.0 -9.868 0.0 0.0 0.0 
02020303 	05030903 0.0 0.0 0.0 -3.849 0.0 -7.698 0.0 0.0 0.0 0.0 
02020303 	05050903 0.0 0.0 0.0 10.887 0.0 -2.722 0.0 0.0 .  0.0 0.0 
02020503 	02020503 3.000 0.0 1.224 0.0 -2.939 0.0 0.0 0.0 0.0 0.0 
02020503 	02040503 0.0 0.0 -1.800 0.0 -4.499 0.0 0.0 0.0 0.0 0.0 
02020503 	03010503 0.0 1.054 0.0 4.216 0.0 0.0 0.0 0.0 0.0 0.0 
02020503 	03030503 0.0 0.984 0.0 3.251 0.0 -8.537 0.0 0.0 0.0 0.0 
02020503 	03030703 0.0 9.523 0.0 1.234 0.0 -7.054 0.0' 0.0 0.0 0.0 
02020503 	03C50703 0.0 0.0 0.0 -2.760 0.0 -5.521 0.0 0.0 0.0 0.0 
02020503 	04020703 0.0 0.0 2.078 0.0 5.195 0.0 0.0 0.0 0.0 0.0 
02020503 	04040703 0.0 0.0 2.065 0.0 4.013 0.0 -11.499 0.0 0.0 0-0 
02020503 	04040903 0.0 0.0 12.663 0.0 0.377 0.0 -8.205 0.0 0.0 0.0 
02020503 	05030903 0.0 0.0 0.0 3.086 0.0 6.172 0.0 0.0 0.0 0.0 
Q2020503 	05050903 0.0 0.0 0.0 3.174 0.0 4.700 0.0 -14.421 0.0 0.0 
02040503 	02040503 3.000 0.0 3.061 0.0 1.653 0.0 0.0 0.0 0.0 0.0 
02040503 	03010503 0.0 0.0 0.0 -0.956 0.0 -11.952 0.0 0.0 0.0 0.0 
02040503 	03030503 0.0 0.753 0.0 3.513 0.0 6.274 0.0 0.0 0.0 0.0 
02040503 	03030703 0.0 -0.648 0.0 -3.024 0.0 -5.399 0.0 0.0 0.0 0.0 
02040503 	03050703 0.0 10.142 0.0 6.761 0.0 3.381 0.0 0.0 0.0 0.0 
02040503 	04020703 0.0 0.0 -0.141 0.0 -1.928 0.0 -15.746 0.0 0.0 0.0 
02040503 	04040703 0.0 0.0 1.581 0.0 4.656 0.0 7.042 0.0 0.0 0.0 
02040503 	04040903 0.0 0.0 -1.410 0.0 -4.153 0.0 -6.280 0.0 0.0 0.0 
02040503 	05030903 0.0 0.0 0.0 -0.344 0.0 -2.907 0.0 	,-19.427 0.0 0.0 
02040503 	05050903 0.0 0.0 0.0 2.430 0.0 5.756 0.0 7.850 0.0 0.0 
03010503 	03010503 3.000 0.0 2.400 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
03010503 	03030503 0.0 0.0 -2.519 0.0 -6.299 0.0 0.0 0.0 0.0 0.0 
03010503 	03030703 0.0 0.0 2.168 0.0 5.421 0.0 0.0 0.0 0.0 0.0 
03010503 	03050703 0.0 0.0 0.0 0.0 -1.543 0.0 -15.428 0.0 0.0 0.0 
03010503 	04020703 0.0 9.937 0.0 4.968 0.0 0.0 0.0 0.0 0.0 0.0 
03010503 	04040703 0.0 0.0 0.0 -3.703 0.0 -7.407 0.0 0.0 0.0 0.0 
03010503 	04040903 0.0 	' 0.0 0.0 3.303 0.0 6.606 0.0 0.0 0.0 0.0 
03010503 	05030903 0.0 0.0 13.553 0.0 5.421 0.0 0.0 0.0 0.0 0.0. 
03010503 	05050903 0.0 0.0 0.0. 0.0 -4.879 0.0 -8.538 0.0 0.0 0.0 
03030503 	03030503 3.000 0.0 1.886 0.0 -1.286 0.0 0.0 0.0 0.0• 0.0 
03030503 	03030703 0.0 0.0 1.918 0.0 3.621 0.0 -411.736 0.0 0.0 0.0 
03030503 	03050703 0.0 0.0 1.650 0.0 4.859 0.0 7.348 0.0 0.0 0.0 
03030503 	04020703 0.0 -0.869 0.0 -4.057 0.0 -7.244 0.0 0.0 0.0 0.0 
03030503 	04040703 0.0 9.719 0.0 3.024 0.0 -3.672 0.0 0.0 0.0 0.0 
03030503 	04040903 0.0 0.0 0.0 2.819 0.0 3.941 0.0 -14.851 0.0 0.0 
03030503 	05030903 0.0 0.0 -1.844 0.0 -5.432 0.0 -8.215 0.0 0.0 0.0 
03030503 	05050903 0.0 0.0 13.041 0.0 2.561 0.0 -4.647 0.0 0.0 0.0 
03030703 	03030703 4.000 0.0 3.175 0.0 -0.468 0.0 -4.040 0.0 0.0 0.0 
03030703 	03050703 0.0 0.0 -1.420 0.0 -4.182 0.0 -6.324 0.0 0.0 0.0 
03030703 	04020703 0.0 0.748• 0.0 3.491 0.0 6.235 0.0 0.0 0.0 0.0 
03030703 	04040703 0.0 0.744 0.0 3.194 0.0 3.861 0.0 -15.435 0.0 0.0 
03030703 	04040903 0.0 12-.766 0.0 5.697 0.0 -2.410 0.0 -9.089 0.0 0.0 
03030703 	05030903 0.0 0.0 1.587 0.0 4.675• 0.0 7.071 0.0 0.0 0.0 
03030703 	05050913 0.0 0.0 1.633 0.0 4.323 0.0 4.000 0.0 -19.384 0.0 
0-3050703 	03050703 4.000 0.0 4.444 0.0 3.273 0.0 1.616 0.0 0.0 0.0 
03050703 	04020703 0.0 0.0 0.0 -0.355 0.0 -3.003 0.0 -20.t",4 0.0 0.0 
03050703 	04040703 0.0 0.582 0.0 2.857 0.0 6.043 0.0 7.9(6 0.0 	, 0.0 
03050703 	04040903 0.0 -0.519 0.0 -2.548 0.0 -5.390 0.0 -7.114 0.0 0.0 
03050703 	05030903 0.0 0.0 -0.065 0.0 -0.804 0.0 -4.427 0.0 -24.519 - 	0.0 
q3050703 	05050903 0.0 0.0 1.278 0.0 3.980 0.0 7.155 0.0 8.669 0.0 
04020703 	04020703 4.000 0.0 4.082 0.0 2.204 0.0 0.0 0.0 0.0 0.0 
04020703 	04040703 0.0 0.0 -1.825 0.0 -5.377 0.0 -8.131 0.0 0.0 0.0 
04020703 	04040903 0.0 0.0 1.628 0.0 4.795 0.0 7.252 0.0 0.0 0.0 
04020703 	05030903 0.0 13.093 0.0 8.729 0.0 4.364 0.0 0.0 0.0 0.0 
04020703 	05050903 4.0 0.0 0.0 -2.806 0.0 -6.647 ' 0.0 -9.064 0.0 0.0 
04040703 	04040703 4.000 0.0 ' 	3.537 0.0 0.601 0.0 -2.424 0.0 0.0 0.0 
04040703 	04040903 0.0 0.0 	- 1.566 0.0 4.124 0.0 3.676 0.0 -19.559 0.0 
04040703 	05030903 0.0 	,-0.651 0.0 -3.194 0.0 -6.756 0.0 -8.917 0.0 0.0 
04040703 	05050903 0.0 12.881 0.0 6.775 0.0 0.0 0.0 -5.855 0.0 0.0 
04040903 	04040903 5.000 0.0 4.821 0.0 1.802 0.0 -2.094 0.0 -4.984 0.0 
04040903 	05030903 0.0 0.580 0.0 2.849 0.0 6.026 0.0 7.953 0.0 0.0 
04040903"05050903 0.0 0.597 0.0 2.789 0.0 5.113 0.0 3.308 0.0 -24.116 
05030903 	05030903 5.000 0.0 5.556 0.0 4.091 0.0 2.020 0.0 0.0 0.0 
05030903 	0304903 0.0 0.0 -1.428 0.0 -4.450 0.0 -8.000 0.0 -9.692 0.0 
05050903 	05050903 5.000 0.0 5.051 0.0 2.517 0.0 -0.808 0.0 -3.427 0.0 
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